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SUMMARY
The possible mecha nism of chromophore hydrolysis 
during photolysis of visual rhodopsin has been 
investigated by a study of the formation and hydrolysis 
of the schiff base N - r e t i n y 1idene n-butylamine in various 
aqueous anionic, cationic and neutral detergent micelle 
systems. The schiff base was used as a model of the 
visual pigment chromophore and the detergent micelles 
allowed some degree of control on the environment of the 
c hr omo pho ric group in an attempt to mimic the specific 
environmental effects within the binding site of 
rhodops in.
The classical schiff base reaction mechanism involves 
the formation of tetrahedral carbino 1 amine intermediates 
and transient species consistent with such intermediates 
have been observed during the hydrolysis reactions of 
N - r e t i n y 1idene n-butylamine in the anionic, cationic and 
neutral detergents using stopped-flow spectroscopy.
It was found that accumul ation  of the c a r b i n o 1 amine 
intermediate during hydrolysis is greatest when the pH is 
near the peak of the pH-rate profile and rapid transients 
were not observed during hydrolysis away from the pH 
maxima, nor under any accessible experimental conditions 
during the formation reactions.
The non -steady-state kinetic data obtained from 
stopped-flow experiments have been analysed using a 
mainframe computer program called ’’Discrete'1, and these 
data can be described by a double exponential expression 
which is typical of biphasic reactions involving the 
formation and decay of an intermediate species. Analysis 
of the kinetic data, along with data obtained from 
steady-state kinetics, has allowed the determination of 
all the rate constants in the retinal schiff base
reaction mechanism.
The hydrogen ion titration behaviour of 
N - r e t i n y 1idene n-butylamine has been studied and the 
results have shown that there are significant differences 
in the apparent pK of the schiff base in the various 
detergents. These differences can be explained by the 
fact that the micellar environment has an elec tro stati c 
effect on the pro tonation of the schiff base and it is 
likely that charged groups in the vicinity of the binding 
site of rhodopsin could affect protonation behaviour in a 
s i m i 1ar way.
This would explain the anomalously low pK, value of 
the active lysine group in rhodopsin - elect rostatic 
interaction of an adjacent positively charged group would 
make protonation  of the lysine more difficult and so 
lower its pK. value. Similarly the apparent pK. of the 
retinal schiff base in rhodopsin is anomalously high 
because of the formation of a hydrogen bond with this 
adjacent group.
The c a r b i n o 1 amine intermediate formed during schiff 
base hydrolysis has been observed at room temperature 
using continuous flow, pH - jump resonance Raman 
spectroscopy. The spectrum of the intermediate is very 
similar to the published resonance Raman spectrum of the 
metarhodopsin II intermediate formed during the bleaching 
of the visual pigment rhodopsin. This would suggest that 
the metarhodops in transition represents the start of the 
hydrolysis of the schiff base linkage in rhodopsin.
A possible mechanism for the hydrolysis step has been 
suggested and it seems likely that the change of 
configuratio n from trigonal to tetrahedral of the carbon 
atom of the schiff base linkage at the hydrolysis stage 
may provide the driving force for the act iva tion of the 
enzyme cascade which results in the generation of the 
nerve impulse.
C H A P T E R  ±
I N T R O D U C T  I ON .
A. VISION
1.1 The Visual Process
Vision is one of the most interesting fundamental 
biological processes to occur and in order for it to be 
even partially understood it must be examined from many 
different perspectives. From a c h e m i s t ’s point of view 
the interest lies in the molecular reactions and 
interactions that occur, a study of which may perhaps 
lead to a greater understanding of the visual p r o c e s s 1 .
There are certain requirements that need to be 
fulfilled in order for vision to occur. First of all 
there must be light in the environment, secondly there 
must be an optical device of some kind which can form an 
image on a photoreceptive layer, and finally this layer 
must be able to transduce the absorbed light into an 
electrical signal which can then be transmitted to the 
brain.
The first requirement for available radiation is 
fulfilled by the sun which provides the light environment 
for terrestrial animals, including man, and aquatic 
species that remain close to the water surface. Species 
living further into the ocean depths depend on 
b i o 1 urninescence emitted by themselves and other organisms 
or have no vision at all.
The radiation from the sun that reaches the e a r t h ’s 
surface has a wavelength range of 300nm to lOOOnm with 
the maximum intensity just below 500nm. Lower wavelengths 
than this, in the ultra-violet region, are cut out by the 
ozone layer lying abGut 15 miles above sea level, and 
higher wavelengths in the near infra-red region are cut 
out because of absorption by atmospheric water vapour.
M a n ’s visual range is between approxi mat ely 400nm to 
800nm and this part of the electro mag netic spectrum that 
is visible to man is what we refer to as light. Different 
parts of the spectrum may however be visible to other 
s p e c i e s 1®.
1.2 The Eye
The second requirement of vision is an optical device 
which is capable of forming an image on a photoreceptive 
layer and which may allow the perception of the position, 
shape and movement of objects present in the environment. 
In nature there are three different focussing devices 
found that can form an image and these are the ’p i n - h o l e ” 
eye, the compound eye and the refracting eye.
In the pin-hole eye the inverted image of a 
stationary object is formed at the back of the eye by 
light passing through a small opening at the front of the 
eye. This device is not very efficient at forming images 
because only a small amount of the light radiating from 
the object can pass through the small hole. Enlarging the 
hole does not solve the problem as this reduces the 
definition of the image. This simplistic method of image 
formation is exemplified by the eye in certain types of 
molluscs (fig.1.1).
The compound eye is based on the formation of an 
image by a stack of parallel "ray selectors" where only 
the light that falls on a certain tube in the direction 
of its axis can pass along it, and each of these tubes is 
aimed on a different point in the visual field thus 
forming an erect image of the object. If the tubes are 
arranged around the surface of a segment of a sphere, 
with the axes pointing toward its centre, then the image 
of different sized objects can be formed and an 
impression of distance can be conveyed. This type of eye 
is found in insects, Crustacea and some molluscs 
( f i g . 1. 2 ) .
The third type of eye is the refracting eye that is 
found in vertebrates and some invertebrates such as the 
squid. In this case an image is formed by the refraction
FIGURE 1.1
A cross-section of the eye of the mollusc.
FIGURE 1.2
Formation of an image by a bundle of parallel 
"ray selectors".
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FIGURE 1.3
Horizontal section of the human eye.
(Figures taken from ref.le)
of light that occurs at curved surfaces separating media 
of different refractive index. The light rays that reach 
the eye from a position on an object are brought to a 
single point on the pho tosensitive layer called the 
retina, and so in this case an arrangement for focussing 
objects at different distances is required. The cornea, 
iris and lens provide the necessary optics for focussing 
this light on the retina and photoreceptors in the retina 
convert the light signals to electrical pulses which the 
optic nerve transmits to the brain.
Light enters the eye through the cornea, a 
transparent layer at the front of the eye, and passes 
into the anterior chamber which is filled with a liquid 
called the aqueous humour (fig.1.3). The cornea and 
aqueous humour together constitute the main refractive 
surface of the eye. The light then passes through the 
pupil, which is an orifice in the iris, and reaches the 
lens. The lens is pliable and can change its curvature by 
the action of the ciliary muscle to accomodate near or 
far vision. Finally the light reaches the retina which is 
a thin sheet of interconnected nerve cells and light 
sensitive cells or photoreceptors. These photoreceptor 
cells contain coloured substances that selectively absorb 
the light and these are called visual pigments.
1.3 The Visual Pigments
The third requirement for vision is the presence of a 
photore cep tive layer which can absorb light energy and 
convert it into electrical energy so that a signal can be 
transmitted to the brain. The photoreceptive layer in the 
refracting eye is the retina and the visual pigments in 
the retina are the absorbing species.
Vertebrates have two different types of photoreceptor 
cells called rods and cones and they differ in shape, 
number and distribution. In the human eye the rods and 
cones are both about 0.05mm long, but the rods are 
cylindrical in shape while the cones have a more tapered, 
conical shape. The rod cells are more abundant accounting
cones. The rods are more sensitive and operate in dim 
illumination (scotopic conditions) mediating black and 
white vision whereas the cones work in bright (.photopic) 
conditions and mediate colour vision. In man txhere are 
three cone pigments which are sensitive to blue, green 
and red light. These three photoreceptors provide a 
colour dis crim in ation mechanism sensitive enough to 
distinguish very subtle variations in colour and shade. 
Rods are not involved in human colour vision and in dim 
light, when only the rods can function, humans cannot 
discern colours.
Each photosensitive cell is composed of two segments, 
an inner cell and an outer segment (fig.1.4). The inner 
cell contains the nucleus plus a large number of 
mi to chondri a and is connected to the outer segment by a 
narrow c i 1ium. The rod outer segment is composed of discs 
which are stacked one on top of each other and which are 
constantly being replenished at the base and disposed of 
at the top, as shown from studies with radioactive 
tracers 2 .
Each one of these discs is made up of approximately 
60% lipid bilayer membrane and 40% protein, and 
approximately 90% of this protein component is the visuai 
pigment rhodopsin, a trans-membrane protein which is 
embedded in the lipid bilayer membrane of the rod discs 
(fig.1.5).
Research work on this visual pigment began over a 
hundred years ago when it was referred to as "visual 
p u r p l e ” because of its reddish-purple colour. In 1876 
Boll discovered that the colour of a pigment that he 
found in the rod outer segment of a frog retina slowly 
faded in the light3 . Shortly after this the pigment was 
extracted using bile salts, and this is thought to be the 
first time that a membrane protein had been removed from 
its membrane and obtained in aqueous solution.
Later it was found that some vertebrates have two 
types of photoreceptor cells, rods and cones, and the 
pigments present in rods and cones are not the same as 
they have their maximum intensities at different 
wavelengths in the absorption spectra. These spectra
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a mammalian rod cell.
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FIGURE 1.5A lipid bilayer membrane containing protein molecules in 
various possible modes of association with the membrane.
corr esponded to curves obtained from measurements of the 
visual threshold (the intensity of light required to 
evoke a sensation) as a function of wavelength in dim and 
bright conditions respectively. The similarity of the 
pigment absorption spectra and the threshold curves was 
evidence that the pigments are of essential importance to 
vision.
Chemical interest then focussed on elucidating the 
structure of the pigments. It had been known for many 
years that vitamin A def iciency caused visual
deteriora tion such as night blindness, and in the 1 9 3 0 ’s
George Wald found that vitamin A is present in the 
retina4 . Since then the oxidised form of vitamin A (now 
called retinal), or an analogue containing an extra 
double bond in the ring have been found in all visual 
pigments known.
1.4 The Structures of Retinal and Rhodopsin
The structures of retinol (vitamin A) and retinal
(vitamin A aldehyde) are shown in f i g , 1.6 . Retinol is 
oxidised to retinal by enzymes present in the eye called 
alcohol dehydrogenases. In the visual pigments retinal is 
the chromophore and is bound to a type of protein called 
an opsin which is found in the outer segments of 
vertebrate rods and cones. Retinal bound to rod opsin is 
called rhodopsin and retinal bound to cone opsin is 
iodopsin. This work is based on the visual pigment 
rhodopsin which is responsible for scotopic vision.
The chromophore of rhodopsin, retinal, can exist in 
many isomeric forms because it contains four 
carbon-carbon double bonds in the side chain, each of 
which may potentially exist in the cis or trans 
configuration. The most stable form is the all-trans form 
shown in f i g . 1.6 . The double bonds in the 7,9,11 and 13
positions can all occur as the cis or trans 
configuration, even though there is steric hindrance 
between the methyl substituents on the ring and carbon 9
in the 7-cis form, and interactions between the methyl
group on carbon 13 and the hydrogen on carbon 10 in the
FIGURE 1.6
The structures of retinol and isomers of retinal.
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11-cis isomer, which should make the c i s - 1inkages less 
stable in these isomers.
In 1952 Hubbard and Wald' showed that li-cis retinal 
is the chromophore in rhodopsin, because only 11-cis and
9-cis retinal will combine with opsin to form pigments
and of these only the 11-cis pigment has the absorption 
spectrum of rhodopsin. 9-cis retinal reacts to form 
isorhodopsin but there is no evidence to suggest that 
this pigment which absorbs at 487nm plays any part in the 
visual process.
It was also found that when rhodopsin has been
bleached by light the retinal that emerges is the
all-trans isomer which must be isomerised to the 11-cis 
co nfi guratio n before it can take part in regenerating the 
visual pigment. There is therefore a cycle of cis-trans 
isomerisation occurring with the pigment.
In 1958 Hubbard and Kropf proposed that the action of 
light in vision is the isomerisation of the chromophore 
of the visual pigment from the 11-cis to the all-trans 
config ura tion and that later reactions in the bleaching 
sequence can occur in the dark4 .
The other part of the visual pigment rhodopsin is the 
protein opsin to which the reti n a 1 i s a t t a c h e d . Opsin is 
a membrane bound protein with a molecular weight of about 
39000, consisting of 348 amino acid residue s7 . Associated 
with the protein is a phospholipid component and a 
carbohydrate component so that a typical visual pigment 
when extracted from the retina is a complex association 
of the chromophoric group, protein, phospholipid and 
c a r b o h y d r a t e .
The most important aspect of r h o d o p s i n 7s structure 
that needs to be considered in this thesis is the nature 
of the binding of the chromophoric group to opsin. This 
may help to explain why rhodopsin is a red or purple 
colour absorbing at 500nm, whereas retinal on its own is 
pale yellow absorbing at 380nm and opsin is colourless, 
absorbing in the ultra-violet region at 280nm. This 
colour change must be due to the interactions that occur 
between retinal and opsin in rhodopsin.
1.5 The Nature of the Retina l-O osln Linkage
The interaction between r e t i n a 1 and opsin is very 
specific and even minor changes in the chromophoric group 
prevent its union with opsin, as shown by the fact that 
only the 11-cis isomer will combine with opsin to 
regenerate rhodopsin itself, whereas other isomers may 
combine to form n o n - p h y s i o 1o g i c a 1 pigments.
In 1954 Hubbard determined that the ratio of the two 
components, retinal and opsin, in the pigment molecule is 
one to one8 . The linkage between the retinal and the 
protein is thought to be covalent rather than 
non-cov ale nt due to the fact that it is difficult to 
extract retinal from rhodopsin in the dark.
In 1937 L y t h g o e 9 found that a pigment which he named 
indicator yellow was formed when rhodopsin solutions were 
exposed to light and that this pigment was sensitive to 
changes in pH. At high pH the "alkaline" indicator yellow 
was a very pale yellow colour with a maximum absorbance 
at a wavelen gth  of 365nm, whereas at low pH the "acid" 
indicator yellow had a much deeper yellow-orange colour 
with maximum absorbance at 440nm. He found that between 
pH 4 and 6 this pigment decomposed to give what was later 
found to be retinal.
Ball et a l 10 found that retinal reacts with many 
substances containing amino groups, such as amines, amino 
acids and proteins, to give products that are 
spe ctr oscopically similar to indicator yellow. They 
thought that the structure of these products was based on 
either the interaction of two molecules of retinal with 
one amino group or the condensation of the carbonyl group 
of one retinal molecule with one amino group to form a 
schiff base.
Then in 1955 Pitt et a l 11 prepared a schiff base, 
which they called r e t i n y 1i d e n e m e t h y 1 a m i n e , from retinal 
and methylamine, the absorption spectrum of which was 
very similar to that of the "alkaline" indicator yellow, 
with a maximum absorbance at about 365nm. On addition of 
hydrochloric acid the absorbance peak moves to
7
appr oxi mately 44-Onm, as with the "acid" indicator yellow. 
This shift of wavelength in the indicator yellow analogue 
was accounted for by suggesting the formation of a 
substituted ammonium salt by addition of a proton to the 
nitrogen group. In the r e t i n y 1i d e n e m e t h y 1ammoniurn ion 
this positive charge could formally be localised at many 
positions along the polyene chain so that at least seven 
distinct resonance forms can be written compared with one 
main form for the unprotonat ed r e t i n y 1i d e n e m e t h y 1 a m i n e . 
This increase in the degree of resonance would contribute 
to the shift of the absorption maximum towards longer 
wavele ngt h which is called a bathochromic shift.
Pitt et al studied other schiff bases to see if this 
shift was associated with a change of a -CH = N- grouping 
to -CH = NH*- grouping. On acidification, the solutions of 
all the schiff bases studied showed a bathochr omic shift 
and they concluded that indicator yellow has an 
unpr oto nated schiff base structure in alkali and a 
protonated schiff base structure in acid (Fig.1.7).
Further studies by Morton and Pitt in 195 5 12 using 
the same analogue and studying its stability in aqueous 
solution over a range of pH values led to the idea that 
acid and alkaline indicator yellows are actually 
non-s pec ific schiff base linkages formed between retinal 
and different amino groups in opsin, the acid form being 
protonated and the alkaline unprotonated, whereas the 
r e t i n a 1-opsin linkage in rhodopsin is a specific schiff 
base linkage, formed between the aldehyde group of 
retinal and one specific amino group of opsin.
Later B o w n d s 1 3 and Akhtar, Blosse and D e w h u r s t 14 
identified this amino group as the £-NH2 group of a 
specific lysine residue. This was discovered chemically 
by borohydride reduction because in a schiff base the 
R-HC=N-R* group can be reduced to R - C H 2 - N H - R ’ using 
sodium borohydride.
With rhodopsin it was found that an illuminated 
sample could be reduced and this was hydrolysed, the 
amino acids isolated and a r e t i n a 1 - 1ysine complex was 
present in the hydrolysis products. (This hydrolysis 
cannot be done with the unreduced schiff base in
8
FIGURE 1.7
Schiff base structures.
unprotonated retinal schiff ba
protonated retinal schiff base
rhodopsin as the schiff base linkage is unstable to 
hydrolysis.) These experiments show that at some stage 
after illumination of rhodopsin a schiff base is formed 
but does not prove that in rhodopsin itself a schiff base 
linkage is present.
It is interesting to note that samples of rhodopsin 
in the dark cannot be reduced by this method. The 
resistance of rhodopsin before illumination to attack by 
borohydride suggests that the nature of the attachment 
between retinal and opsin prevents the C=N group from 
being reduced, perhaps because the retinal - opsin 
complex is stabilised by specific non-covalent 
interactions or simply buried. On exposure to light the 
cis-trans isomerisation occurs and this will probably be 
accompanied by protein conformational changes allowing 
the sodium bor ohydride to interact with the schiff base 
1i n k a g e .
It was found however that rhodopsin could be reduced 
in the dark by using sodium cya n o b o r o h y d r i d e 13 . These 
experiments showed that the retinyl idene group i_s_ bound 
to lysine in native bovine rhodopsin as well as in 
illuminated rhodopsin.
Direct evidence that the linkage in rhodopsin is a 
schiff base is provided by resonance Raman spectroscopy 
studies and furthermore this suggests that it is a 
protonated schiff base. By irradiating near the visible 
absorption bands of the pigment it is possible to enhance 
the Raman active vibrations of the chromophore and 
compare the measured frequencies with those of model 
c o m p o u n d s .
The first attempt at obtaining the resonance Raman 
spectrum of a visual pigment was reported by Rimai and 
co-workers in 197 016 . By cooling a bovine retina to -70°C 
they were able to detect weak scattering in the 1550c m- 1 
region which was assigned to the C=C ethylenic stretch of 
a protonated schiff base. They used an argon ion laser 
(488nm) as the exciting light and recognised that the 
retina contained a photo-stationary mixture of bleaching 
i ntermed i a t e s .
9
In 1973 Lewis et a i 17 managed to obtain a Raman 
spectrum without app reciably bleaching the pigment, i.e. 
without causing significant cis-trans isomerisation of 
the retinal chromophore, by using an exciting light of 
longer wavelength. The most interesting feature on the 
spectrum is the 16 54cm- 1 C=N vibration which is 
esse ntially identical to that of protonated schiff bases 
of retinal in solution. Unprotonated schiff bases have 
the C=N frequency at approximately 16 30cm-1 .
Further evidence came from Oseroff and C a l l e n d e r 19 
who examined the effects of deuteration of the schiff 
base linkage on the resonance Raman spectra. If the 
schiff base is protonated, then the proton on the 
nitrogen can exchange with a deuterium atom which would 
result in a decrease in the frequency of the stretching 
mode. They found that in samples of model protonated 
schiff bases and of rhodopsin in retinal disc membranes 
that deuteration of the schiff base causes a predictable 
reduction in the C=N stretching frequency from 16 55cm-1 
to 16 30c m- 1 thus giving further evidence of a protonated 
schiff base linkage in rhodopsin.
These experiments also showed that the chromophore in 
rhodopsin does not exist as the free aldehyde. Resonance 
Raman spectra of retinal show a band at 16 6 0 c m - 1 due to 
the carbonyl stretch and it could be argued that this is 
equivalent to the 16 54 cm -1 band in the rhodopsin spectra 
- the slight difference in frequency being explained by 
the environment of retinal in rhodopsin. The deuteration 
experiments ruled this out because if this were the case 
then no shift in frequency would be seen on deuteration 
because replacing water with deuterium oxide would not 
affect the frequency of a carbonyl vibration.
In 1977 Shriver et al carried out 13C nuclear 
magnetic resonance experiments with rhodopsin and model 
compounds which agreed that the linkage is a schiff base 
but suggested that this schiff base is unprotonated. They 
recorded the nmr spectrum of rhodopsin with a l3C - 
enriched chromophore at the C , 4 position. They compared 
the spectrum with spectra of 1 3 C - enriched protonated 
and unprotonated model schiff bases and concluded that
10
rhodopsin contains an unprotonated schiff base linkage 
between retinal and o p s i n 1 9 .
These conflicting results from resonance Raman 
spectroscopy and 13 C-nmr spectroscopy may be explained if 
the schiff base is protonated via hydrogen bonding to an 
adjacent group in the binding site such as the G~NH2 of 
another lysine group nearby or from an arginine residue 
(fig.1.8). This model for the proposed interactions in 
the chromoph ori c binding site in rhodopsin was suggested 
by Cooper and Converse 20 .
This intramolecular protonation scheme is consistent 
with Oseroff and C a l l e n d e r ’s deuteration experiments 
showing the presence of an exchangeable hydrogen 
associated with the nitrogen of the schiff base linkage.
1.6 The Intermediates of the Bleaching Sequence
Following the absorption of light by rhodopsin two 
main chemical reactions occur and these are:
1. the phot ois omeri sation of retinal from the 11-cis
isomer to the all-trans isomer,
2. the hydrolysis of the r e t i n a 1-ops in linkage in
rhodopsin releasing the all-trans retinal.
The pho toi somerisat ion of the chromophore has been 
shown to be the initial process to occur after 
illumination of rhodopsin and this is followed by a 
sequence of spontaneous and, in most cases, irreversible 
steps involving formation of intermediate species. The 
sequence of intermediates which have been spectrally 
identified is shown in f i g . 1.9 and these intermediates 
were discovered by illuminating rhodopsin at different 
t e m p e r a t u r e s .
The processes that occur after metarhodopsin  II are 
relatively slow and can be seen at room temperature, 
whereas the initial processes are much faster and require 
low temperature spectroscopy and flash photolysis 
techniques. This explains why the intermediates later on 
in the bleaching sequence were discovered first in room 
temperature experiments in the 1 9 3 0 ’s and the faster 
processes were not discovered until later.
1 i
FIGURE 1.8
Proposed interactions in the retinal binding site 
of rhodopsin. A nearby protonated group inhibits 
titration of the active lysine residue in opsin 
and provides a source of intramolecular protonation 
of the aldimine nitrogen in rhodopsin.
(Taken from ref.18)
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The vertebrate rhodopsin bleaching sequence.
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Irradiation of rhodopsin at liquid nitrogen 
temperatures (-190°C) generates the first intermediate, 
ba thor hodops i n which has a maxi mum absorbance at 5 4 8 n m . 
The name "batho" is used because the intermediate is 
red-shifted with respect to rhodopsin, i.e. it has a 
maximum absorbance at longer wavelength. This first step 
in the bleaching sequence is the only photochemical step 
and all other intermediates can be generated from 
bathorhodops in in the dark.
When a sample of batho rhodopsin  is warmed to 
approximat el y -140°C it is converted to the next 
intermediate 1 urnirhodopsin, with maximum absorbance at 
497nm. Heating this above -40°C yields metarhodop sin I 
(absorbance maximum 478nm) which is in equilibrium with 
me ta rho dop sin II with absorbance maximum at 380nm. At 
this stage the wavelength of the maximum absorbance has 
shifted from 500nm in the rhodopsin to 380nm in the 
metarhodopsin  II and so the pigment has bleached from the 
original red colour to a yellow colour. The equilibrium 
between met arhod opsin I and metarhodopsin II is sensitive 
to temperature and pH. Further heating above 0°C gives 
pararhodopsin  (absorbance maximum 465nm) which decays to 
give another metastable, pH-sensitive equilibrium between 
acid indicator yellow and alkali indicator yellow.
Finally the products of bleaching are all-trans retinal 
with an absorbance maximum at 380nm and opsin which 
absorbs at 280nm in the ultra-violet region.
It is important to consider if these intermediates 
are formed under physiological conditions at 3 7°C or 
whether they are artefacts which only occur at low 
temperature. The use of kinetic techniques for fast 
reactions has shown that the intermediates do also exist 
at physiological temperatures.
Flash photolysis is a technique that involves 
following the change in the absorbance of a sample as a 
function of time and is useful for reactions occurring in 
a time scale of microseconds to seconds. A sample is 
loaded into a cell in the apparatus and kept in the dark 
at the appropriate temperature. The photoreactions are 
initiated by a rapid flash of intense light and the
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absorbance of the sample at a particular wav elength is 
continu ous ly monitored after the flash by means of a low 
intensity probe lamp, a photomultiplier and an 
oscil l o s c o p e 2 1 . This technique was used for intermediates 
occurring after bathorhodopsin, but the first process, 
which is the conversion of rhodopsin to bathorhodopsin, 
was too fast to be measured by this apparatus.
The formation and decay of bathorhodopsin was studied 
by Busch et al in 197222 using picosecond flash 
photolysis. This involves the use of lasers that will 
deliver intense picosecond pulses for the excitation 
flash. The probe pulse is directed at a mirror echelon (a 
stepped mirror surface) and this provides a sequence of 
pulses which pass through the sample at different times 
due to the different pathlengths travelled, thus giving a 
measure of absorbance at these times. Using a spacially 
separated array of detectors the absorbance is measured 
as a function of distance enabling the kinetics of the 
process to be examined.
From these experiments it was found that the 
conversion of rhodopsin to bathorhodopsin at 
physiological temperature occurs in approximately one 
picosecond, bathorhodopsin to 1umirhodopsin in 
approximat ely fifty nanoseconds, 1umi rhodopsin to 
metarhodopsin I in approximately ten microseconds and 
processes after met arhodopsin II occur in a timescale of 
seconds to minutes. This suggests that visual excitation 
must occur at or before the metarhodopsin II stage 
because beyond meta I I the processes are too slow to 
account for the visual response. These later processes 
are possibly involved in the regeneration of rhodopsin.
Following the picosecond spectroscopy experiments 
which showed that bathorhodopsin is formed in 
approximately one picosecond, there were suggestions that 
the rhodopsin to bathorhodopsin step may not be a 
photoisomerisation reaction as was previously believed 
but rather a proton translocation.
Busch et al thought that the formation of 
bathorhodopsin was too fast to be due to such a 
conformational change as cis-trans isomerisation of
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retinal, however theoretical calculations predict that an 
11-cis to 11-trans photoisomeri sation can occur in the 
opsin binding site in app roximately two pi co s e c o n d s 23 and 
resonance Raman studies have shown that the state of 
protonation of the schiff base nitrogen in bathorhodopsin 
is identical to that in rhodo psin2 4 .
Evidence of another intermediate, occurring before 
ba th or hod opsin in the bleaching sequence, has been 
reported by Yoshizawa from experiments at liquid helium 
t em pe rature s2 5 . He irradiated visual pigments with light 
of long wavelength - above 520nm - and found a 
blue-shifted species called hypsorhodopsin with a maximum 
absorbance at 430nm. However Cooper suggests that 
hy psorhodop sin is not actually a discrete photoproduct 
and he provides a numerical model to show that it may be 
an artefact present at very low temperatures arising from 
photoselection of existing conformational substates of 
rhodopsin and b a t h o rh od opsin2 4 .
1.7 The Metarhodopsin  I - Met arhodopsin II Equilibrium
The equilibrium between metarhodopsin I and 
metarhodopsin  II was first discovered and studied by 
Matthews et al in 196327 who distinguished between meta 
II and all-trans retinal which had been confused earlier 
because their maximum absorbances both occur at a 
wavelength of approximately 380nm. They were 
distinguished by irradiation with ultra-violet light at 
0°C which causes meta II to be rapidly converted into a 
mixture of rhodopsin, isorhodopsin (which contains 9-cis 
retinal as the chromophore) and pararhodopsin (maximum 
absorbance at 465nm). Similar irradiation of the 
hydrolysis products retinal and opsin results in an 
extremely slow formation of rhodopsin and isorhodopsin, 
taking place over many hours.
It was found that metarhodopsins I and II are in 
thermal equilibrium and this equilibrium is dependent on 
temperature, pH and solvent. Meta II is favoured by an 
increase in temperature or acidity and the formation of 
meta II from meta I involves the uptake of a proton which
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binds to a group with a pK« value of around 6.4. This 
conversion is accompanied by an enthalpy increase of 
approx ima tely 13 kilocalories per mole, i.e. it is an 
en dot hermic reaction. Normally most acid groups have 
positive heats of dissociation so that warming would 
favour the release of H* but in this case the conversion 
of meta I to meta II involves the addition of a proton on 
heating and the enthalpy increase is associated with 
protein conformational changes resulting in an increase 
in entropy going from meta I to meta II.
By comparing meta I and meta II with model schiff 
bases Matthews et al proposed that meta I is a protonated 
schiff base and meta II is an unprotonated schiff base. 
This would help to explain the blue shift in the spectrum 
going from meta I to meta II but contradicts the fact 
that a proton is actually taken up in the conversion.
This was explained by the suggestion that two protons are 
bound by groups in the protein with a simultaneous loss 
of one proton at the schiff base linkage.
This theory was challenged by Cooper and Converse in 
197620 who suggested that meta I to meta II is the point 
during the bleaching sequence where the hydrolysis of the 
specific r e t i n a 1 - 1ysine schiff base linkage occurs. They 
directly measured the relative energies of rhodopsin, 
meta I, meta II and the hydrolysis products opsin and 
all-trans retinal in intact rod outer segment membranes 
at 3°C, using a photocalorimeter which they designed 
themselves especially for use with visual pigments. They 
found that all the energy changes that occur are 
endothermic so that the intermediates have more energy 
than rhodopsin itself.
They also studied the protonation changes that occur 
during each step and observed that changing the pH of a 
rhodopsin solution from Q to 5.4 has no effect on aH or 
protonation whereas the same pH change in an 
o p s i n - r e t i n a 1 mixture after hydrolysis was accompanied by 
an uptake of one proton and an enthalpy change of -12 
kilocalories per mole. Retinal itself is unaffected by pH 
and so a group on the protein opsin must become 
protonated between pH 3 and 5.4 i.e. the group must have
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a pK« value lying between 5.4 and 8.
The heat of protonation suggests that this group is a 
primary amine leading to the theory that it is the amino 
group of the lysine residue which has been exposed after 
hydrolysis of the r e t i n a 1-ops in schiff base. The low pK. 
value of app rox imately 7 for this lysine group, compared 
to about 10 for a typical primary amine, can be explained 
if the lysine group is interacting with a nearby 
positively charged group si tuated in the vicinity of the 
binding site, leading to the intramolecular protonation 
scheme previously shown in f i g . 1.8 . The nearby positive 
charge makes it more difficult to protonate the exposed 
lysine from the schiff base linkage thus lowering its pK, 
value. Following the hydrolysis reaction the free 
aldehyde, all-trans retinal, remains n o n - c o v a 1e n t 1y 
attached to the active site of opsin. This model led to 
controversy as to whether meta I to meta II involves the 
deprotonation of the schiff base or the hydrolysis of the 
schiff base.
Resonance Raman studies of bovine metarh odopsin I and 
II and comparison with model protonated and unprotonated 
retinal schiff bases led Doukas et al in 19782a to 
support the idea that metarhodopsin II is an unprotonated 
schiff base, despite the absence of a band at 
approximately  1630cm-1 which is cha racteristic of 
unprotonated model schiff bases of retinal. They 
disagreed with Cooper and Converse because of the absence 
of a 1670cm-1 band due to the carbonyl group which should 
be present if hydrolysis has occurred and free retinal is 
p r e s e n t .
However Allan and Co oper29 later showed that in 
infra-red and Raman spectra this small band due to the 
carbonyl stretch is solvent dependent as it can be 
clearly seen in spectra with organic solvents such as 
acetonitrile but disappears in the presence of water, 
possibly due to hydrogen bonding. Therefore the lack of 
carbonyl band in the resonance Raman experiments of 
rhodopsin in aqueous buffer solutions which were carried 
out by Doukas et al may be due to solvent effects and 
does not provide conclusive evidence that meta II is an
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unprotona ted  schiff base rather than retinal 
n o n - c o v a 1e n t 1y bound to opsin.
There is another observation which would imply that 
meta I to meta II is the hydrolysis step. In 1950 George 
Wald and c o - w o r k e r s 30 found that dry films of frog or 
cattle rhodopsin which had been prepared in the dark 
could be converted, on illumination, to metarh odopsin I 
and then remain stable for days in the dry state. However 
on addition of water to the film hydrolysis occurs 
yielding retinal and opsin, thus indicating that 
hydrolysis takes place at the meta stage.
The kinetics of the meta I - meta II equilibrium in 
rhodopsin are complex and suggest that other 
intermediates may be involved at this important stage.
Baumann and Zeppenfeld studied the kinetics of the 
me tar hodopsi n equilibrium in frog rhodopsin over a range 
of temperatures and pH values using the flash photolysis 
t ec hnique3 1 - 3 3 . They proposed a model to explain the 
results of their experiments and this consists of a 
scheme of two consecutive equilibrium processes involving 
three species, meta I, meta II’ and meta II’’ , where the 
latter two are isochromic forms of metarho dopsin II with 
identical or very similar spectra but different kinetics.
The pH dependence of the equilibrium is explained by 
the fact that one of the metarhodopsins behaves like a 
base which can be converted to its conjugate acid on 
picking up a proton:
M R  + H+ MR H + (1.1)
where MR is the base and M RH+ is the acid form. An 
obvious thought is that meta II’ and meta II’’ behave as 
an acid-base pair so that proton uptake occurs at this 
stage, however if this were so they expected the 
con cen tration of the protonated form,meta II’ ’ , to 
decrease at high pH and eventually reach zero as it loses 
its proton under alkaline conditions. When they found 
that this was not the case they suggested that meta II’’ 
exists as two forms, meta II’’ and meta I I’ ’H" , which are 
in equilibrium, with a proton taken up going from meta
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II’ ’ to meta I I ’ ’ H+ .
Their overall reaction scheme for frog rhodopsin is 
t h e r e f o r e :
k i 2 k 2 3
meta I meta I I ’ ;— 1 meta II’ ’ + H + -— 1 meta I I ’ ’ H + 
k 2 i kj 2
(1.2 )
Values for the rate constants k t 2 ,k2 i ,k23 and k32 can be 
obtained, but the rate constants of the reversible proton 
uptake are unknown. The kinetics of the metarhodopsin 
equilibrium in cattle rhodopsin were studied by 
B e n n e t t 3 *•33 again using flash photolysis at different 
temperatures and pH values. She studied the pH dependence 
of the proton uptake between meta I and meta I I and of 
the spectral shift from 480nm to 380nm at 3°C, 2 0 ° C and 
37° C .
At 3°C she found that two protons are bound per 
me ta rho dop sin II molecule formed between pH 6 and pH 8, 
so that meta II is diprotonated at this temperature. At 
the higher temperatures the meta II intermediate can 
exist in two forms depending on pH, the diprotonated form 
in acid conditions and an unprotonated form in more 
alkaline conditions. Both these forms of meta II are 
shown to be in equilibrium with meta I, the equilibrium 
being pH dependent for the diprotonated form and 
temperature dependent for the unprotonated form.
The order of the formation of these two forms at 
higher temperature was studied from experiments on the 
protonation changes and meta II formation in the presence 
of a pH indicator dye. The pH variation was measured at a 
wavelength where the dye absorbs (600nm) and the 
formation of meta II was monitored at 365nm, the 
isosbestic point between rhodopsin and meta I.
These experiments showed that rapid protonation was 
followed by a slower partial deprotonation and that the 
formation of meta II is biphasic. However the protonation 
appears to be slightly slower than the initial rapid 
phase of the meta II formation, although the kinetics of 
the proton release are similar to the slow phase of meta
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II formation. It is not known whether the same groups in 
the meta I I are protonated and then deprotonated or 
whether there is a proton t r a n s 1ocation from one group to 
a n o t h e r .
A model for the me tarhodo psin was proposed as 
f o i l o w s :
2H*
meta I meta I 1° . s (meta I I N meta I IH2 ) —  N' N N * ^
-2H*
(meta I I *H2 ^— - meta II’ )
(1.3)
where meta 11° could be another intermediate, the 
presence of which would explain the delay between the 
spectral change and the protonation.
The kinetics of the bovine me ta rhodopsin equilibrium 
were also studied by Parkes and Liebinan3 4 over the pH 
range 5.9-8.1 and temperature range -1°C to 15°C. From 
their experimental data they obtained the pseudo 
first-order and true forward rate constants, the reverse 
and observed rate constants and the equilibrium constant.
The equilibrium between meta I and meta II, involving 
proton uptake, can be written as:
k|
meta I + nH+ v . - meta I I
k_i (1.4)
where ki is the true forward rate constant and k - t the 
reverse rate constant. The back reaction is unimolecular 
and k_i is a first order rate constant, however k^ will 
be greater than first order unless the proton 
concentration does not change. If it is assumed that the 
proton concentration remains constant due to internal 
buffering then the reaction may be written as
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a pseudo first-order reaction:
ki
meta I ~— 1 meta I I
k- i
(1.5)
where k t = CH*]n k(, is the pseudo first-order forward 
rate constant. The observed rate constant is k0 b « = k i + k _ 1 
and the equilibrium constant is:
CMI I 3
K.„ = -----------
(C M I ]CH* ]" )
(1.6 )
They also obtained the thermodynamic parameters 
associated with the meta I to meta II conversion and the 
value of n, the apparent net proton uptake. Their results 
show an increase in entropy during meta II formation 
which is in agreement with the findings of Matthews et ai 
in 196327 suggesting a conformational change occurring at 
this stage. The fractional value of 0.7 for the number 
of protons taken up in the reaction (i.e. n) , although 
difficult to explain, does agree with observations from 
Matthews et al that the titration curve of a monoprotic 
indicator base is not exactly convergent with a plot of 
the effect of pH on the metarhodopsin equilibrium.
Matthews et al suggested the differences may be due
to the ionic strength of their buffer, but this 
fractional protonation has been observed by many 
investigators and cannot be easily explained. Parkes and 
L i e b m a n ’s experiments do not resolve whether the 
protonation or the conformational change occurs first but 
they suggest a general scheme if the protonation occurs 
in a single s t e p :
meta I + n H * ^ = i  meta I . nH*
1 1 
I
meta II + nH+ meta I I . nH* (1.7)
20
Their kinetic analysis suggests that the kinetics of the 
meta I to meta II equilibrium can be accurately described 
by a single first order process and they say that a 
possible explanation of the biphasic response in rod disc 
membrane preparations could be due to the involvement of 
meta II in the binding of GTP to G protein which 
activates the enzyme cascade (Section 1.8). The 
metarhodopsi n equilibrium has been very well studied 
because it is thought to be an important step in visual 
transduction but there are many conflicting ideas over:
(i) what is actually happening at this step - is it the
conversion of a protonated schiff base to an 
unprotonated schiff base or the hydrolysis of the 
schiff base?
(ii) how many protons are taken up at this stage and
(iii) does the reaction involve a single step or is it a
biphasic reaction, and are there different forms of 
the metar hodopsins that are easily
i n t e r - c o n v e r t i b 1e.
Some of the dissimilarities in results or 
interpretation of results may simply be because the 
rhodopsins of different species do not have exactly the 
same reaction schemes or perhaps be due to the 
preparation of samples and different experimental 
condi t io n s .
1.8. The Generation of the Neural Signal
The electrical response of the eye to light can be 
studied by obtaining an e 1ectroretinogram which is a plot 
of potential versus time. This involves the use of two 
electrodes, one placed in contact with the cornea, the 
other elsewhere on the eye or body, and these are 
connected to a high impedance voltmeter.
It is found that after illuminating the eye with a 
flash of light there is a delay of a few milliseconds 
before any change in the potential is observed. It is 
thought that this latent period before the response 
corresponds to the time needed to bleach the visual 
pigment to the critical stage which is believed to be the
me tarhodopsin equilibrium. After the time lag the 
potential changes producing various "wav e s ” on the 
electroreti no gram3 7 .
The very small input of energy due to the absorption 
of a quantum of light in the receptor discs must somehow 
be amplified and transmitted to the base of the receptor 
cell in order to generate a nerve impulse. Various 
mechanisms have been proposed and one possible 
expl anation is that after rhodopsin has absorbed a photon 
one of the intermediates of the bleaching sequence acts 
as an enzyme, and this single molecule can initiate 
changes in a large number of other molecules by 
activating a cascade of enzymic reactions where each 
reaction is triggered by the previous one. There is 
evidence that the intermediate that initiates the cascade 
could be me tar hodopsi n II3 0 .
Fung et al3 9 *40 have suggested a possible reaction 
scheme involving an enzyme cascade of this type based on 
the knowledge that rod outer segments contain two enzymes 
that are activated by light. These are a cyclic GMP 
phosphod ies terase which catalyses the hydrolysis of 
cyclic GMP to GMP and a GTPase which catalyses the 
interconversion of GDP and GTP.
They identified a GTP binding protein with GTPase 
activity which they called transducin (T) or G-protein.
In the dark this binding protein has GDP bound to it 
(T-GDP) but the activated rhodopsin interacts with this 
to form R#-T-GDP which is converted to R*-T-GTP in the 
presence of GTP (fig.1.10). This form of the binding 
protein with GTP bound has a lower affinity for the 
activated rhodopsin which is released and recycled to 
catalyse the exchange of other GTP molecules for bound 
GDP. In this way several hundred molecules of T-GTP are 
formed per rhodopsin molecule and this T-GTP is thought 
to activate the cyclic GMP phosphodiesterase which 
catalyses the reaction, T - G T P — ► T - G D P . The T-GDP can then 
react with more of the activated rhodopsin.
It is thought that a single photolysed rhodopsin 
molecule can activate several hundred phosphodiesterase 
molecules which leads to the hydrolysis of around a
FIGURE 1.10
Proposed scheme for the flow of information in 
the light-activated cyclic nucleotide cascade of 
vision. PDE=phosphodiesterase; T=transaucin; 
R*=photolysed rhodopsin.
(Taken from ref.40)
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FIGURE 1.11
Schematic representation of the effect of light 
on the rod outer segments.
(Taken from ref.42)
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thousand cyclic GMP molecules per second by each 
phosphodiesterase.
Fesenko et al 41 have shown that these cyclic GMP 
molecules are internal transmitters which act as agonists 
keeping sodium channels in the plasma membrane in an open 
state. This means that in the dark, when rhodopsin is in 
the inactive form, the sodium channels are open, sodium 
ions can enter the outer segment through these channels 
due to a conce ntration gradient and the cell is 
depolarised (fig.1.11). Inside the cell the ions diffuse 
to the far end where they are pumped out in a process 
driven by ATP hydrolysis. In this dark state the cell 
produces the neurotransmi tter at a high rate.
When light interacts with rhodopsin, the dark current 
is stopped because the activated rhodopsin interacts with 
the G-p rotein which leads to activation of the 
phos pho diester ase and hydrolysis of the cyclic GMP 
molecules. This leads to closure of the sodium channels 
in the plasma membrane, stopping the flow of sodium ions 
into the cell thus causing hyperpol arisation  of the cell 
and a low rate of transmitter release42..
Work in this area is continuous as a complete 
explanation of how the nerve impulse is generated has not 
yet been found, but it does seem likely that 
me tar hodopsin II is involved in the activation process.
1.9 The Regeneration  of Visual Pigments
The products of the bleaching of rhodopsin are 
all-trans retinal and opsin, but for regeneration of 
rhodopsin the all-trans retinal must be isomerised to the 
11-cis isomer which can then react with opsin to form 
rhodops in.
The all-trans retinal that is released after 
hydrolysis is converted to all-trans retinol and this 
reduction is catalysed by the enzyme retinol 
dehydrogenase which uses NADPH (reduced form of 
nicotinamide adenine dinucleotide phosphate) as a 
coenzyme. The retinol can then react with a fatty acid to 
form an ester and this ester formation is a means of
storing retinol.
At some stage the chromophore is isomerised and the 
corresponding 11-cis retinyl esters, 11-cis retinol and 
11-cis retinal are all found in the eye. The conversion 
of retinol to retinal is also catalysed by the 
dehy drogenase enzyme.
The following scheme contains all the known 
react i o n s :
Rhodops i n
+ ops in
11-cis retinal
1 L
11-cis retinol
11
11-cis retinyl ester
-opsin
all-trans retinal
all-trans retinol
all-trans retinyl ester
(1.8)
Although all the reactions in this scheme do not 
occur in every species it would seem likely that most 
animals use more than one regeneration cycle.
In addition to this "repair" process of previously 
bleached rhodopsin molecules, new pigment molecules are 
formed as the discs in the outer segment are continuously 
renewed in the living eye. As was previously me ntione d2 
Young followed the fate of radioactive proteins which 
were injected into animals and found that the rod discs 
are constantly renewed. It is also known that a 
continuous supply of a certain amount of vitamin A 
(retinol) is needed by the body for normal visual 
function and in vitamin A deficient animals regeneration 
is disturbed resulting in night blindness.
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1 - 1 0  M o d e l s  or R h o d o p s i n
One area of major interest in rhodopsin chemistry is 
the bathocnromic shift that occurs when the chromophore 
retinal, which absorbs at 380nm and is yellow coloured, 
interacts with the protein opsin, which absorbs at 2S0nm 
and is colourless, to form rhodopsin which is 
red dish-purple colour absorbing at S O O n m . The mechan ism 
through which the protein shifts the absorption maximum 
of the chromophore has received much attention and models 
have been proposed to explain the bathochromic shift.
The first models of the interaction between retinal 
and opsin were the schiff bases prepared from retinal and 
various amines by Ball et al in 194910 , who found that 
protonated schiff bases absorb around 440nm. Although 
this partially accounts for the red shift of the 
chromophore it is still less than in rhodopsin. and some 
other ch ro mophore- protein interactions must occur in 
order to shift the absorbance maxi mum to a longer 
wave 1ength.
In 1958 Kropf and Hu bbard 4 suggested a scheme to try 
to explain the shift. In order to shift to longer 
wavelength the energy of the transition from the ground 
state to the first excited state must be lowered as the 
wavelength of the light absorbed is dependent on the 
energy separation of the ground and excited state. This 
energy separation can be decreased by lowering the energy 
of the first excited state.
In this case the excited state of the chromophore is 
a resonance hybrid of structures in which the positive 
charge of the protonated schiff base is located at 
different places along the conjugated chain so that in 
the hybrid the positive charge is distributed over the 
entire conjugated system, (fig 1.12). The energy of the 
excited state would be lowered if the positive charge on 
the chromophore was stabilised by the interaction of 
negatively charged groups on the opsin. If the protein 
can stabilise the excited state then the energy of the 
transition between the ground state and the excited state 
of the chromophore will be lower and the absorption
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FIGURE 1.12
Schiff base of retinal and the most stable limiting 
states of its conjugate acid.The conjugate acid is" 
not represented accurately by any one of these structures 
but is a resonance hybrid of structures I to VII.
(Taken from ref.6)
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spectrum will occur at longer wavelength.
The idea that the red shift of the spectra is a 
result of secondary interactions between the opsin and 
polyene chain of retinal is supported by many others and 
led to the proposal of an external point charge model for 
wavelength regulation in visual pigments. This model was 
based on absorbance data obtained from a series of 
synthetic h y d r o r e t i n a 1s which were bound to the 
apoprotein to form h y d rorho do psins43 .
The absorbance maxima of these pigment analogues were 
compared to those of the respective protonated schiff 
bases formed between the hydroretina 1s and n - b u t y 1 a m i n e , 
and the difference in the wavelength of the absorbance 
maximum of the schiff base (in cm- 1 ) and of the pigment 
(in cm- 1 ) is calculated. The difference in these maxima 
is regarded as a measure of the influence of the binding 
site and has been called the "opsin shift".
The data obtained showed that it is the enal moiety 
rather than the ene moiety that is responsible for the 
absorbance maxima and with the 1 1,1 2 - d i h y d r o r e t i n a 1, in 
spite of its short chromophore, the difference between 
the maxima of the n-butylamine schiff base and the 
rhodopsin is much greater than the other cases examined, 
including natural rhodopsin. This data made it possible 
to locate a group on the opsin which is important in the 
determination of the absorption maximum of bovine 
rhodopsin, leading to the external point charge m o d e l 4 4 .
In order for externa 1 char ges to produce a large shift 
of this nature they must be situated close to the it 
electron system of the chromophore and so the data 
suggests that there are significant electrostatic 
interactions in the vicinity of the chromophoric unit of 
11,1 2 - d i h y d r o r e t i n a 1, which is from carbon 13 to the 
nitrogen of the schiff base linkage.
S e m i e m p i r i c a 1 u electron calculations of absorption 
maxima were carried out on model diene protonated schiff 
bases with external charges located in a variety of 
positions and it was found necessary to place two 
negative charges in the chromophoric region. One of the 
charges is a counterion lying approximately 3A from the
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positively charged nitrogen of the protonated schiff 
base, the second is located close to both carbon 12 and 
carbon 14, lying 3A above carbon 12 and approximate ly 3A 
from carbon 14 (Fig.1.13), and is presumed to be a member 
of a charge pair in a salt bridge or possibly the 
negative end of a neutral dipolar group.
This model also provides an explanation of the 
discrepancy between the resonance Raman spectroscopy 
results which suggest that the schiff base linkage in 
rhodopsin is protonated, and the carbon-14 13C nuclear 
magnetic resonance experiments which suggest that it is 
unprotonated. If there is a negative charge located near 
carbon 14, as proposed by the external point charge 
model, then it would be expected to reduce the tt- 
electron density at this position because of coulombic 
repulsion, which could cause a shift in the protonated 
schiff base peak to a value nearer the unprotonated 
schiff base peak on the 13C nmr spectrum. This would 
explain the Shriver et a l 19 proposal that the schiff base 
linkage is unprotonated.
Experimental evidence which supports the external 
point charge model was obtained from model compounds 
related to 11,12 d i h y d r o r e t i n a 1, containing a quaternary 
nitrogen with a negative counterion and a second negat i ve 
charge situated at appropriate distances within the one 
molecule. It was found that the presence of the second 
negative charge in the model induces a red shift in the 
absorbance maximum which supports the point charge 
mode 14 3 .
A different type of model compound involving 
cyclodextrin derivatives was reported by Tabushi and 
Shimoka wa 4 6 to show a remarkable red shift when a retinal 
schiff base linkage is situated near to a protonated 
amino group (fig.1.14). This cyclodextrin complex has a 
maximum absorption at 497nm which is very similar to that 
of rhodopsin, and the protonated amino group in the model 
cyclodextrin compound could be equivalent to the £-NH= of 
another lysine group in the opsin as previously suggested 
by Cooper and Converse.
FIGURE 1.13
A model for the electrostatic interactions in the binding 
site of bovine rhodopsin.The existence of a counterion near 
the protonated nitrogen is assumed.A second negative charge 
is located — above carbon 12.
(Taken from ref.44)
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FIGURE 1.14
Model retinal-cyclodextrin complex with a protonated 
retinal schiff base linkage situated near to a protonated 
amino group. (Taken from ref.46)
There are other suggestions of possible ways of 
explaining the bathochromic shift such as effects of 
solvents on the protonated schiff base linkage47 or 
conformational twisting of the chromopho re4 3 , but the 
sensitivity of the absorpt i on max i ma to these factors is 
limited and it does not seem likely that these factors 
alone can account for the bathochromic shift in visual 
p i g m e n t s .
1.11 Cephalopod Rhodopsin
There are certain differences between the visual 
photoreceptor cells of vertebrates and invertebrates. The 
vertebrate photoreceptors are the rods and cones which 
have been described previously, whereas invertebrates 
have rhabdomeric photoreceptor cells which consist of an 
inner and outer segment but have no cilium. There is a 
single internal aqueous compartment along the axis of the 
outer segment which is surrounded by a tightly packed 
cluster of finger-like projections of the plasma membrane 
called microvilli. These microvilli are orientated 
perpendicular to the axis of the outer segment and the 
walls of the microvilli contain the visual pigment 
molecules. Several of these photoreceptor cells are 
organised into clusters called rhabdomes.
The bleaching sequence of rhodopsin from invertebrate 
cephalopods such as octopus and squid also differs in 
certain respects from that of vertebrate rhodopsin 
(fig.1.15).
The chromophore of the cephalopod rhodopsin, like 
that of vertebrate rhodopsin, is a protonated schiff base 
containing 11-cis retinal which on illumination is 
converted to the all-trans isomer. However, unlike 
vertebrate rhodopsin, the end product of photolysis is a 
stable met arhodopsin in which the chromophoric group 
remains attached to a binding site in the opsin. There is 
no spontaneous hydrolysis of the schiff base linkage and 
no release of the retinal ch romophore4 9 .
The acid and alkaline metarhodopsins (fig.1.15) are 
in a pH-dependent equilibrium where a proton is released
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FIGURE 1.15
The bleaching sequence of cephalopod rhodopsin.
RHODOPSIN
472nm
>|f hv 
BATHORHODOPSIN
540nm
LUMIRHODOPSIN
485nm
MESORHODOPSIN
490nm
ACID METARHODOPSIN
514nm
ALKALI METARHODOPSIN
376nm
on the conversion of the red acid form to the yellow 
alkaline form. This too is different from the analogous 
metarhodopsin equilibrium in vertebrate rhodopsin where 
the formation of the blue-shifted species, metar hodopsin 
II, involves proton uptake rather than release. However, 
the blue shift in cephalopod rhodopsin is typical of that 
observed in the conversion of a protonated retinal schiff 
base to its unprotonated form suggesting that the 
deprotonation occurring between acid and alkaline 
metarhodopsin  involves the specific schiff base linkage 
in rhodopsin.
Kitagawa and T s uda30 confirmed that the acid and 
alkaline metarhodopsins correspond to protonated and 
unp rotonated schiff bases respectively in resonance Raman 
exper im en ts.
The stable photoproduct, acid m e t a r h o d o p s i n , readily 
reverts to rhodopsin on irradiation. Rhodopsin is 
therefore regenerated from metarhodopsin in the light.
This bleaching sequence for invertebrates is 
obviously quite different from vertebrates and leads to 
the question of how the generation of the nerve impulse 
is triggered in the case of invertebrates.
The main difference between the 
vertebrate/in ver tebrate  rhodopsin systems is the 
stability of the m e t a r h o d o p s i n s . In vertebrates the 
metarhodopsin is unstable and dissociates to all-trans 
retinal and opsin, whereas for invertebrates it is 
relatively stable and the main chemical change in the 
bleaching sequence is the reversible isomerisation of the 
c h r o m o p h o r e .
The fact that the r e t i n a 1-opsin linkage in vertebrate 
rhodopsin is susceptible to hydrolysis whereas 
invertebrate rhodopsin is stable to hydrolysis would 
suggest that the conformational changes which occur 
during bleaching do not expose the schiff base linkage to 
the solvent environment in the case of invertebrate 
rhodops in.
The energetics of the octopus rhodopsin bleaching 
sequence have been studied31 and have shown that the acid 
me tarhodopsin has a relatively low energy compared to the
parent rhodopsin. This would suggest that the cis-trans 
isomerisation of the chromophore does not induce very 
much strain in the molecule and as a consequence there is 
little driving force for hydrolysis of the schiff base.
In the case of vertebrate rhodopsin the high energies 
of the met arh odopsin  intermediates would suggest that 
there is a lot of strain in the molecule and this in turn 
leads to the breakage of the schiff base linkage.
Overall very little is known about the activation of 
photoreceptors in invertebrates but it has been shown32 
that photoproducts of cephalopod rhodopsins can activate 
bovine photoreceptor phosphodiesterase and G-protein.
Dixon and Coop e r 33 have suggested, from work on the 
quantum efficiences of the reversible photoreaction of 
octopus rhodopsin, that photoreversal in the cephalopod 
visual cycle has a significant physiological role in that 
efficient photoreversal of metarhodopsin could result 
simultaneously in pigment regeneration and photoreceptor 
deact i vat i o n .
If met arhodopsin is the species responsible for the 
excitation process then it would obviously be more 
efficient if there is a mechanism for removing the active 
species because otherwise the photoreceptor response 
would continue long after the actual photon absorption. 
Photoreversal of metarhodopsin would fulfil this, 
requi r e m e n t .
1.12 Bacteriorhodopsin
Ha 1obacterium halobium is an organism that lives in 
environments with high sodium chloride concentrations 
such as salt lakes where the salt concentration is near 
saturation. The cell membrane of Halobacteria contains 
patches of purple membrane and the size of these is 
controlled by the cell, with a higher abundance in oxygen 
starved cells. Under these conditions the normal source 
of metabolic energy in the cell is cut off and the 
bacteria use light energy to form an electrochemical 
proton gradient across the cell membrane, and so the 
purple membrane functions as a light-driven proton pump.
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The energy that is stored in the gradient is used by the 
cel Is to synthesise ATP and as an energy source for other 
functions of the cel ls3 4 ’3 3 .
The purple membrane pigment is called 
ba cte riorhod opsin because it is very similar to rhodopsin 
in some respects. For example, it contains retinal as 
the chromophore and this is covalently attached to a 
protein of molecular weight 26000 by a protonated schiff 
base linkage to the £-amino group of a lysine residue.
In the dark bacterio rhodopsin  exists in two 
equilibrated forms,one of which contains an ali-trans 
retinal chromophore and has a maximum absorption at 
570nm, the other a 13-cis retinal chromophore with a 
maximum absorbance at 548nm. Under light adapted 
conditions the form with the all-trans retinal 
predominates and on illumination bacteriorhodopsin 
undergoes a photochemical cycle with various 
intermediates, one of which is a relatively long-lived 
species with maximum absorbance at 412nm.
Resonance Raman studies of bacteriorhodopsin have 
shown that the 570nm species contains a protonated 
retinylidene lysine schiff base linkage whereas the 412nm 
species contains an unprotonated linkage3 6 . This means 
that bacteriorhodopsin releases protons during this 
1ight-induced reaction and binds protons at some stage 
after this in the photochemical cycle to regenerate the 
protonated schiff base complex which absorbs at 570nm.
It is interesting to note that bacteriorhodopsin 
shows a similar bathochromic shift to that of rhodopsin, 
but even more pronounced. Bac teriorhodopsin with its 
all-trans retinal protonated schiff base absorbs at 570nm 
compared to 440nm for an analogous model schiff base.
This is also true for the unprotonated 412nm intermediate 
because an analogous unprotonated schiff base model would 
absorb at approximately 360nm. As with rhodopsin, this 
bathochromic shift in the absorbance maximum of the 
chromophore is thought to be due to interactions in the 
environment of the protein binding site and an external 
point charge model was proposed for bacterio rh odopsin 3 7 .
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In the case of b a c t e r i o r h o d o p s i n , unlike the visual 
pigments, it was found from using synthetic retinal 
dihydro chromophores that the largest opsin shift was 
encountered in the longest enal chromophore. The model 
proposed has a negative counterion near the protonated 
nitrogen of the schiff base and another in the vicinity 
of the j3-ionone ring.
This model was recently modified to include an 
ion-pair protein interaction near the ,5-ionone moiety 
along with the previously described negative 
co u n terion 3 8 . The negative charge of the ion-pair is 
situated above carbon atom 5 while the positive charge is 
nearer to the 7,8-double bond and there is a planar 6-s 
trans ring-chain conformation (fig. 1.16). This model is 
in agreement with that proposed by Lugtenburg et al39 and 
definitely suggests that pro tein-chromophore interactions 
can account for much of the bat hochromic shift in 
bacter iorhodopsin.
1.13 Schiff Base Formation and Hydrolysis
The schiff base linkage in rhodopsin is formed 
between the €-amino group of a lysine residue on the 
opsin and the carbonyl group of the aldehyde retinal. In 
general carbonyl chemistry, if the compound that is 
undergoing addition to the carbonyl only contains a 
single dissociable proton then the reaction would 
normally proceed as in scheme (1.9).
B. SCHIFF BASE CHEMISTRY
r0H
^ C = 0  + H X^
X
(1.9)
This reaction involves a very fast proton transfer to 
form a product containing a quaternary carbon atom. If 
the compound undergoing addition contains two dissociable
FIGURE 1.16
A point charge model for bacteriorhodopsin.The schiff 
base counter-ion is 3.9& from the schiff base nitrogen. 
The ring negative charge is 3.0A above C-5.The positive 
charge by the ring is 3.0A from the negative charge. 
(Taken from ref.58)
protons then there may be another step involving 
dehydration of the quaternary carbon-containing species 
and this would proceed according to reaction (1.10).
C = 0 + H 2 X - a \ :c=x + H20
(1.10)
These addition reactions at the carbonyl group 
involve the breaking of a n bond which occurs more 
readily than the breaking of a bond in compounds 
containing saturated carbon atoms. The carbon atom of the 
carbonyl group has a partial positive charge due to the 
strong electron egativi ty of the oxygen atom which 
polarises the double bond. This facilitates the attack of 
the lone pair electrons of a nucleophilic reagent on the 
carbonyl group so that addition reactions to carbonyl 
compounds occur frequently in chemistry.
The attacking nucleophilic reagent approaches the 
carbonyl group perpendicular to the plane of the carbonyl 
group and the groups attached to it and forms a bond with 
the orbital which had previously been involved in the n 
bond to oxygen, with the electron pair of this bond 
settling on the oxygen atom. In the planar carbonyl group 
the carbon atom has sp2 hybridisation with 120° bond 
angles but as addition of the nucleophile occurs it 
undergoes a change in hybridisation to sp3 and becomes 
t e t r a h e d r a 1 .
In the case of schiff bases, the group X in reaction
(1.10) is equivalent to N-R, where R is an aliphatic or 
aromatic group, and the reaction scheme for the formation 
of schiff bases is shown in scheme (1.11).
OH
NHR
(1 .1 1 )
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The addition of the amine, H2 NR, to the carbonyl 
group involves the formation of a tetrahedral 
carbino 1 amine intermediate which dehydrates to form a 
schiff base and water. According to the principle of 
micr oscopic reversibility the same mechanism must hold 
for the reverse reaction under the same experimental 
conditions, so the hydrolysis of the schiff base should 
involve the formation of a tetrahedral c a r b i n o 1 amine 
intermediate prior to the formation of the hydrolysis 
products which are the amine and the carbonyl compound.
The rate of carbonyl addition reactions can be 
increased by (i) increasing the charge density and 
nucleoph ili c reactivity of the attacking reagent and (ii) 
increasing the positive charge on the carbonyl group by 
attaching electro n-wit hdrawing substituents to it.
It is essential that the attacking nucleophilic 
reagent is in its basic form so that it has an available 
free electron pair to attack the carbonyl group. In acid 
conditions the amine RNH 2 can pick up a proton to form 
the conjugate acid R N H 3+ which no longer contains the 
free electrons to attack the carbonyl. This means that 
the addition reactions are pH dependent and are less 
likely to occur at low pH when the amine is in the 
conjugate acid form.
It has been known for a long time that many carbonyl 
reactions of the type in (1.11) exhibit bell-shaped pH- 
rate curves where the rate of reaction is very slow at 
low and high pH and reaches a maximum at some 
intermediate pH.
A reaction of the type in (1.11) must proceed in two 
steps, an addition step and a dehydration step, and it is 
likely that one or other of these steps will be rate 
determining under certain conditions.
In 1962 Cordes and Je ncks i0 studied the formation and 
hydrolysis reactions of the schiff base
N - p - c h 1o r o b e n z y 1id e n e a n i 1ine and found that the reactions 
undergo a transition in the rate determining step as the 
pH is changed. In the formation reaction at neutral pH 
the rate determining step is the dehydration of the 
carbino 1 amine intermediate whereas at lower pH the attack
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of the amine on the carbonyl group is rate determining. 
This can be explained by the fact that the dehydration of 
the carbino 1 amine is acid catalysed and so becomes rate 
determining at higher pH. At lower pH the rate of 
dehydration becomes very fast and at the same t i me the 
rate of amine attack is retarded because in acidic 
conditions the amine is converted into its conjugate 
acid, and so the attack of amine becomes rate determining 
at 1ow p H .
The hydrolysis reactions are similarly explained with 
the attack of water on the schiff base being the rate 
determining step at high pH and the loss of free amine 
from the carbino 1 amine being rate determining at low pH. 
Cordes and Jencks found that a plot of the rate of 
formation or hydrolysis of the schiff base as a function 
of pH gives the bell-shaped pH-rate curves.
A similar change in rate determining step was 
observed in oxime and semicarbazone formation which are 
related reactions to schiff base form ation *1 . Jencks 
studied the reactions of hydroxy 1 amine and semicarbazide 
with a number of aldehydes and ketones .which result in 
the formation of oximes and s e m i c ar ba zones, (1.12) and
(1.13) respectively.
N H 2 OH + ^ C  = 0  > ^ C = N O H
h y d r o x y 1 amine oxime
(1.12)
NH2 N H C O N H 2 + _--C = 0 -- ^ ^ C = N N H C D N H 2
semicarbazide semicarbazone
(1.13)
He found that these reactions involve the formation of 
c a r b i n o 1 amines and that there is a change in rate 
determining step as the pH is changed, similar to that of 
schiff bases.
More recently Lamaty et a 1 * 2 • * 3 studied the addition 
reactions of hydroxy 1 amine to various aliphatic, aromatic 
and cyclic ketones and agreed with the proposed two stage 
mechanism for the oximation reactions involving the
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formation and decay of carbino 1 a m i n e s . They have also 
obtained the equilibrium constants of formation of the 
c a r b i n o 1 amines along with the rate constants of the 
dehydration reactions.
After their work on the formation and hydrolysis 
reactions of b e n z y 1i d e n e a n i 1ines , Cordes and Jencks went 
on to study the reactions of schiff bases formed from 
more basic, aliphatic a m ines6 4 . They found again that in 
the hydrolysis reactions of these schiff bases there is a 
change in rate determining step from the attack of water 
on the schiff base under neutral and basic conditions to 
decomposition of the tetrahedral intermediate under 
acidic conditions.
Reactions of this type involving aliphatic amines may 
be analogous to the schiff base reactions that occur with 
rhodopsin and so it is interesting to examine the 
mechan ism of hydrolysis and formation of them. It is also 
useful to note that Morton and P i t t 12 found that the rate 
of hydrolysis of r e t i n y 1i d e n e m e t h y 1 amine is much slower 
in acid than in neutral solution which can also be 
interpreted in terms of a change in rate determining step 
as the pH is changed.
Cordes and Jencks found that the reactive species in 
hydro lysis is the protonated schiff base and when this 
schiff base is formed from a strongly basic aliphatic 
amine there are two possible hydrolysis reactions, one 
involving the addition of water to the protonated schiff 
base, the other involving the addition of hydroxide ion 
to the protonated schiff base which occurs at higher pH.
During the hydrolysis reaction the basic amine is 
expelled from a dipolar intermediate such as species
(1.14).
H
0-C-N+-R 
I I 
H
(1.14)
36
The reactions that occur during schiff base hydrolysis 
are t h e r e f o r e :
K* H
^C =N -R  + H+ ^C=N-R
+
(1.15)
H H
I I I
:C = N-R + H2 0 “C-N-R + H+
+ I
OH
C1.16)
H
I
C=N-R + -OH 
+
H 
I I 
- —C-N-R
OH
Cl.17)
H
I I
C-N-R
I
OH
H 
I I
C-N-R 
I l+
0 H
(1.18)
H
I I ----  ^ \
- C - N - R  x  ^ C  = 0 + H2 N-R
I I 
-0 H
(1.19)
The pH-rate profile of the reactions can be split 
into different regions. From pH 9 to pH 14 the rate of 
hydrolysis is independent of pH because of two competing 
factors - the increase of hydroxide ion concentration 
which is compensated by a decrease in the protonated 
schiff base concentration. The rate determining step in 
this pH range is most likely to be the attack of 
hydroxide ion on the protonated schiff base because under 
these conditions only a s m a l 1 amount of the schiff base
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exists as the conjugate acid.
Between pH 5 and 9 the hydrolysis rate increases as 
an appreciable fraction of the schiff base exists as the 
conjugate acid, and the carbino 1 amine intermediate is 
formed by the attack of water on the protonated schiff 
b a s e . A pi ateau in the region pH 3 to 5 indi cates a 
transition in the rate determining step from the 
formation of the carbino 1 amine to its decomposition.
Below pH 4 the rate decreases because the reverse 
reaction of equation (1.16) occurs and, as the rate of 
the acid catalysed dehydration becomes very fast, the 
rate of decay of the c a r b i n o 1 amine intermediate into the 
aldehyde and amine can no longer keep up with the rate of 
its dehydration so that the formation of amine and 
aldehyde becomes rate determining.
The c a r b i n o 1 amine intermediates in these reactions 
are normally very unstable but there are cases where they 
are sufficiently stable to be iso 1ate d *5 •bb . The 
carbino 1 amine (1.20) is formed in the reaction of chloral 
hydrate with thiosemicarbazides to give chloral hydrate 
thiosemicarbazones and (1.21) is formed by the
C C 13 CHN HN HCNH2
I
OH S (1.20)
OH
R = 0H,NH2 or N HCA HS (1.2 1 )
reaction of 2 - formy 1 -1 - m e t h y 1pyridiniurn iodide with 
hydroxyl amine, hydrazine or phenylhydrazine.
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Noncyclic carbino 1 amines are very unstable;
" a c e t a 1dehyde a m m o n i a ” or 1- a m i n o e t h a n o 1 is one of the 
few known to exist and dissociates above 70°C into 
acetalde hyd e and ammonia or forms a trimer6 7 .
Cyclic carbino 1 amines are more stable and a number of 
naturally occurring substances such as cotarnine (1.22) 
have such a structure.
NH
H
(1.22)
The crystal structure of a drug called Noxythioline 
(N - h y d r o x y m e t h y 1- N * - m e t h y 1 thiourea) has been reported68 
and is shown to have a c a r b i n o 1 amine structure (1.23).
H S H H 
I II I I 
h 3 c -n -c - n -c - o h
I
H
(1.23)
However, most of the evidence for the presence of 
carbino 1 amine addition compounds comes from less direct 
methods such as following the change in ultra-violet or 
infra-red absorbance of the carbonyl compound and kinetic 
studies of the hydrolysis and formation reactions at 
different pH values.
In an attempt to understand the hydrolysis of the 
r e t i n a 1-ops in schiff base linkage of rhodopsin, model 
studies have been carried out using an analogue of 
rhodopsin, N - r e t i n y 1idene n-butylamine, which contains 
retinal bound to n-butylamine in a schiff base linkage6 9 .
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It was found that a plot of the steady-state rate 
constant of hydrolysis versus pH for the hydrolysis 
reaction of the model compound in aqueous detergent 
micelle mixtures gives the characteristic bell-shaped 
pH-rate profile for schiff base hydrolysis (fig.1.17). 
This suggests that in the model compound at least, the 
hydrolysis reaction involves the formation and decay of a 
tetrahedral carbino 1 amine intermediate.
1.14 Objectives
The aim of this PhD thesis is to investigate one of 
the main chemical reactions that occur in the visual 
process, namely the hydrolysis reaction of the 
r e t i n a 1-opsin schiff base linkage in the visual pigment 
rhodopsin, in order to establish a possible mechanism for 
this reaction and to try to determine the stage during 
the photolytic bleaching sequence at which it occurs.
The work involves a comprehensive study of the 
hydrolysis and formation reactions of a model compound of 
rhodopsin, N - r e t i n y 1idene n-butylamine in aqueous 
detergent micelles, in order to investigate the kinetics 
and mechanism of the reactions and try to relate these to 
rhodopsin itself.
In particular it is interesting to see if these 
reactions show general features that are characteristic 
of other schiff base reactions, such as the formation of 
c a r b i n o 1 amine intermediates, and if so to prove the 
presence of such an intermediate and explain its role in 
the visual process.
It is intended that kinetic and spectroscopic 
techniques will be used during this work and these will 
include UV/visible spectroscopy, stopped-flow kinetics, 
resonance Raman spectroscopy and infra-red spectroscopy.
The work carried out for this thesis forms part of a 
major investigation into the mechanism of retinal schiff 
base formation and hydrolysis. The investigation includes 
steady-state studies of the formation and hydrolysis of 
N - r e t i n y 1idene n-butylamine schiff base4 9 , non-steady 
state studies of the formation and hydrolysis of this
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FIGURE 1.17
Steady-state pH-rate profiles for hydrolysis of 
N-retinylidene n-butylamine in aqueous detergent 
mixtures at 20°C. A=Ammonyx;E=Emulphogene;S=SDS 
and D=DTAB. (Taken from ref.69)
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pH
schiff base (this work), resonance Raman spectroscopy of 
a tetrahedral carbino 1 amine intermediate (this work) and 
oxygen-18 labelling of retinal at the metarhodopsin stage 
in photoreceptor m e m b ra nes6 9 .
The results of these experiments have been used to 
postulate a possible mechanism for visual pigment 
photo lysis.
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TE CHN
C H A P T E R  2.
QUES AND A P P A R A T U S .
2. 1 Sto pped-Flow Spectrophotometry
2.1.1 Techn igue
There are various methods for studying chemical 
reactions in solution, but the study of fast reactions 
requires special techniques when the reaction rate 
exceeds the rate at which solutions can be mixed 
manually. These techniques can be divided into two main 
categor i e s :
(i) rapid mixing techniques where quick, efficient 
mixing is achieved by mechanical means, eg. continuous 
flow and s t o p p e d - f 1ow,
(ii) relaxation techniques where a reaction mixture at 
equilibrium is perturbed by varying an external parameter 
such as temperature or pressure. This causes a shift to 
new equilibrium conditions and the determination of the 
rate of this shift allows the kinetics of the reactions 
in question to be studied, eg. temperature-jump or 
pressure-jump.
In this work the stopped-flow technique was used and 
this falls into the first category as it is a rapid 
mixing technique. The stopped-flow method was first used 
by Ro ug ht on70 for reaction times of around 10 seconds.
The technique was later developed by C h an ce71 to allow 
the study of reactions in the millisecond time scale.
A typical stopped-flow apparatus is shown in fig.2.1. 
A detailed diagram of the observation tube arrangement is 
shown in fig.2.2.
The reagents to be mixed are introduced into 2 m 1 
driving syringes, D1 and D2, from the larger reservoir 
syringes R1 and R2 using the valves V1-V4. The piston 
drive is pushed against the plungers of the driving 
syringes so that equal volumes of the reagents are driven 
together rapidly, under turbulent flow conditions, into a 
specially designed mixer (M). Turbulent flow is achieved 
by flowing the solutions along narrow, 2mm diameter, bore 
tubes and the piston drive ensures the even delivery of 
the solutions. The reactants flow along the observation 
tube and enter into a 2 m 1 stopping syringe (SS). The flow
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is abruptly stopped when the plunger of the stopping 
syringe is forced against a stopping plate (S P ), at the 
same time closing a microswitch (MS) which triggers the 
recording device.
A monochromatic light beam is focussed through a 
quartz window into the centre of the observation tube and 
the transmitted light is detected continuously with a 
photomultiplier tube. In this way a complete reaction, 
covering a timescale of a few milliseconds to several 
minutes, can be followed by spectrophotometry.
2.1.2 Descri ption  of the Stopped-Flow Apparatus
An Applied Photophysics model number 1705 
stopped-flow spectrophotometer was used in this work and 
was assembled as described above. The stopped-flow 
apparatus was interfaced to an Apple II microcomputer 
with a 48 kilobyte internal memory capacity and two Apple 
Disk II floppy disc subsystems were used for program and 
data storage. During an experimental run the stopping 
syringe pushes against the microswitch which is connected 
via the trigger circuit to the interface controller. The 
current values from the photomultiplier are converted to 
voltage readings which are amplified and then collected, 
digitised using a fast, 12-bit analogue to digital 
converter and stored in the computer memory.
The drive mechanism is a pneumatic system which is 
also computer controlled. The gas pressure tube on the 
stopped-flow apparatus is connected to a nitrogen gas 
cylinder and the gas pressure used for firing is 15-20 
pounds per square inch.
The pathlength of the observation tube (XY) is 
2.165cm. This was calculated experimentally using a 
solution of known abs or ba nce7 2 . The part of the reaction 
which is missed in the mixing process and during the time 
taken for the mixed solution to reach the stopping 
syringe and trigger the circuit is called the dead-time. 
This has also been obtained experimentally for this 
a pp ar atus73 and has a value of 8.225 milliseconds.
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The monitoring lamp in the stopped-flow apparatus is 
a tungsten halogen lamp and the power supply is a 15/10 
Model, Farnell nS n series, Wetherby.
The temperature is controlled by circulating 
thermostatted water from an open water bath mounted below 
the stopped-flow apparatus. The water is pumped in a 
closed loop through a small steel bath surrounding the 
driving syringes and around the mixing chamber and 
obse rvation tube.
2.1.3 Mea surement of Absorbance
As was previously mentioned, after an experimental 
run the amplified signals from the photomultiplier are 
collected and stored in the computer memory. The 
voltage(V) is directly proportional to the intensity (I) 
of the light transmitted from the observation tube:
V=cl (c=constant) (2.1)
If there is solvent in the observation tube then,
V 0 = clo (2.2)
where V0 is the voltage corresponding to light of 
intensity In » i.e. the voltage corresponding to 100% 
transmission of light. The optical density or 
a b s o r b a n c e (A ) can be calculated using B e e r ’s Law:
I a Vo
A=logio —  = logio --- (2.3)
I V
Using the Beer-Lambert Law the absorbance can then be 
related to the concentrations (Cj ,mo 1 l-1 ) and the molar
extinction coefficients (ct , lmo 1~ 1 c m ' 1 ) of all species
(i) present in the observation tube with a pathlength of
d c m .
A= logi o -- = iCi (2.4)
I 1
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Experiment all y VQ is normally obtained with water or 
buffer in the observation tube by measuring the 
difference in voltage readings betwen 0% and 100% 
transmission of light, obtained by closing and opening 
the shutter on the lamp housing unit. Similarly V is 
obtained with reaction mixture in the observation tube 
taking the voltage difference with shutter open and 
closed. This method of obtaining V0 and hence Ia involves 
flushing the stopped-flow apparatus with water or buffer 
solution after each run and does not allow consecutive 
experimental runs to be done. To overcome this problem 
another method of obtaining I0 was used.
Calibrations were done with water in the observation 
tube where the voltage was read over a wavelength range 
of 280-680nm every lOnm. The slit widths were set at 2nm 
and 1.25mm as in experimental runs. The voltage readings 
were normalised by taking the highest reading to be equal 
to unity with the other values relative to the highest. 
The calibration was repeated over a range of 
photomultiplier voltage settings and the results were 
averaged for each wavelength giving a list of wavelengths 
and average relative intensities. This was repeated each 
time the lamp was changed and the values of wavelength 
and relative intensity were written into the stopped-flow 
program.
The 100% transmission value (IQ ) can now be obtained 
with the sample in the observation tube by using a 
reference wavelength (usually 600nm) where the sample 
does not absorb very much. The ratio of the water voltage 
at the observation wavelength, Vw(obs\), to the water 
voltage at the reference wavelength, V w ( r e f \ ) , (both of 
which are obtained from the calibration curves) can be 
multiplied by the sample voltage at the reference 
wavelength, Vs(ref \) to give a VQ value at the 
observation wavelength, V0 (obs X).
V w (obs\)
Vo(obsx)= Vs (refX)x ----------
Vw ( ref X)
(2.5)
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At the start of each experimental run the dark 
current is obtained by closing the lamp’nouse shutter 
giving a value for background voltage which is 
substracted from the water and sample voltages.
It can be seen therefore that the absorbance of the 
sample can be calculated using equation 2 . 3  .
The absorbance of the sample is followed with respect 
to time at a fixed wavelength and different timing 
sequences can be used during the experimental runs, the 
total reaction time varying between seconds and several 
minutes, with 256 vol tage/absorbance readings being 
recorded in each case.
Three timing modes have been used during this work, 
and these are linear, geometric and arithmetic. The 
linear time scale has equally spaced time intervals (DT) 
which are multiples of 0.25msec. In the geometric time 
scale the time interval between consecutive readings 
doubles after N steps, where 256/N is an integer, 
starting at a value DT which is a multiple of 0.25msec.
In the ar i thmet i c time seale the interval increases by DT 
at each step where again DT is a multiple of 0.25msec.
The advantage of using the geometric and arithmetic 
sequences is that data in the time range from about 
1 0 msec to 1 0  minutes can be collected during one run.
This is obviously an advantage if a reaction is biphasic 
with a very rapid first step.
After the voltage readings have been converted to 
absorbances the results of absorbance and time from each 
run on the stopped-flow apparatus are stored on a data 
disc in the Apple computer and are analysed at a later 
stage thus allowing many consecutive runs to be done 
qu i c k 1 y .
2.1.4. Experimental Conditions in the Stopped-Flow 
Exper iments
All the experiments during this work were done with 
slit width settings of 2nm and 1.25mm at a temperature of 
20° C. The wavelength range used was between 330nm to
4-6
54-Onm with a reference wavelength of 600nm.
2.2 Raman Spectroscopy
2.2.1 Raman Spectroscopy
Raman spe ct roscop y 7 4 is a technique which explores 
the vibrational and rotational energy levels of molecules 
by examining the light scattered by the molecules. The 
sample is irradiated with monochromatic radiation, 
normally in the visible region, and the scattered light 
is usually detected at an angle that is perpendicular to 
the direction of the incident beam. The light can be 
scattered elastically (Rayleigh scattering) or 
i n e 1a s t i c a 11y (Raman scattering) by interacting with the 
samp 1 e .
In Raman scattering the emergent light is shifted 
from its original frequency y„ by a quantum of energy 
corresponding to a molecular transition of the sample, 
which is usually a vibrational transition (fig.2.3). If 
the molecules are excited by the light during the 
collision then they withdraw energy from the photons and 
the scattered light emerges with a lower frequency than 
the incident light, yQ - yv t b , generating the Stokes lines 
on the Raman spectrum. If the molecules are already 
excited before the collision and lose energy to the 
photons during the collision then the photons emerging 
will be of higher frequency than the incident 
1i g h t ,yQ + yvtb , giving rise to anti-Stokes lines. These 
are of lower intensity than Stokes lines due to the fact 
that most molecules are in the ground vibrational energy 
level .
The Raman effect is very weak as the transition is 
forbidden and goes through a "virtual” excited electronic 
state with most of the light being scattered without 
change of frequency giving rise to Rayleigh scattering. 
Raman shifts are measured from the exciting line which is 
arbitrarily taken as zero on a relative frequency scale. 
The spectrometer will read out the same shift no matter 
what the frequency of the laser beam interacting with the
En
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FIGURE 2.3 
Some of the possible consequences of a photon-molecule 
interaction.
Stokes
0
electronic stote
Lower (ground) 
electronic state
Infrared Rayleigh Normal Preresonance Resonance Fluorescence y*
Ramon Raman Raman
(Taken from ref.74)
molecule. The Stokes and anti-Stokes lines are 
symmetrically placed on either side of the Rayleigh line, 
the Stokes lines on the low frequency side and the 
anti-Stokes on the high frequency side.
2.2.2 Resonance Raman Spectroscopy
The resonance Raman effect occurs when the exciting 
laser wavelength lies under an intense electronic 
absorption band of a chromophore so that excitation leads 
to an allowed electronic transition from the ground 
electronic state, which is normally a singlet state, to 
one of the higher singlet electronic excited states. This 
leads to selective enhancement of certain Raman bands 
which correspond to vibrational modes involving motions 
of the atoms in the chromophore, the part of the molecule 
in which the electronic transition is localised. This 
technique is very useful when working with large 
biological molecules because, as a result of the 
enhancement, the vibrations of the chromophore can be 
distinguished from the many vibrational modes of the rest 
of the mo 1 ecu 1 e .
Resonance Raman spectroscopy is therefore a good 
technique to use in a study of reactions in which retinal 
is the chromophore as the frequency of the laser that 
generates the Raman scattering can be selected to be near 
the electronic absorption band of the retinal, thus 
providing resonance enhancement even in dilute aqueous 
solutions. The resonance Raman bands increase in strength 
as the exciting frequency approaches the electronic 
absorption maximum, attaining optimum intensity when the 
laser frequency co-incides with the absorption maximum.
2.2.3 Fluorescence and Phosphorescence
After a molecule has been excited to some vibrational 
level of an excited electronic state by absorption of a 
photon it generally loses vibrational energy very rapidly 
until it reaches the lowest vibrational level of the 
excited state. Then the predominant path for loss of
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excitation energy is via radiation 1ess transitions. This 
can either be by internal conversion which is the decay 
to a lower electronic state of the same multiplicity or 
by intersystem crossing which is a transition to a state 
of different multiplicity, such as singlet to triplet.
Alt ern atively the excited singlet state can return to 
the ground state with the emission of fluorescence, or 
the triplet state, formed by intersystem crossing, can 
return to the ground state with the emission of 
phosphorescence.
Phosphores cen ce lifetimes are usually considerably 
longer than fluorescence lifetimes because radiative 
transitions between states of different multiplicities 
are forbidden.
Background luminescence from fluorescent or 
pho sphorescent processes may cause problems when 
acquiring Raman data but the luminescence can often be 
reduced by changing the excitation wavelength. With 
resonance Raman spectroscopy a change to shorter 
wavelength, further into the blue, is recommended and it 
was found that this greatly reduced luminescence during 
these experiments.
2.2.4 The Raman Spectrometer
The spectrometer used during these experiments was an 
Applied Photophysics Multichannel Laser Raman 
Spectrometer Model 36 and this incorporated a Tracor 
Northern TN-1223-I cooled, intensified diode array 
detector with a TN-1710 mainframe and optical 
spectrometer module for data display and manipulation.
The laser used was a Spectra-Physics Model 171 Argon ion 
laser with intensity, measured at the sample, of lOOmW or 
less.
Experiments were run using the 488nm, 514 . 5nm and
4 5 7 .9 nm laser lines for excitation and it was found that 
there was least sample fluorescence with the 457 .9nm line 
and so this was used for the main Raman experiments. 
Experiments were carried out at room temperature (20 1 
1° C ) .
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The spectra were obtained using a continuous flow 
rapid pH-jump set up where the two solutions to be mixed 
were pumped into a 1 cm pathlength quartz cell using two 
LKB 10200 Perpex peristaltic pumps, each fitted with a 
variable speed drive unit- The pump head was fitted with 
3.0mm internal diameter tubing which is compressed 
between rollers and the back plate producing a 
peristaltic action. The two solutions were pumped at a 
speed of 2.65ml per minute through each channel. These 
solutions were mixed using a T-piece mixer with a 
Millipore filter holder fitted to aid mixing. The 
T-mixing device was constructed of 1mm bore Teflon tubing 
and the combined flow rate of solutions was about 5-6ml 
per minute. The dead time from when the two solutions are 
mixed to when they pass through the laser beam focussed 
through the quartz cell was approximately 10 seconds. The 
sample residence time in the laser beam was less than 
about 0.15 seconds and there was no evidence of sample 
ph otoisom erisation  under these conditions.
Trial experiments using this experimental set up in a 
UV-visible spectrometer showed that adequate mixing was 
achieved. Raman spectra of the appropriate solvent 
backgrounds were subtracted from the sample spectra in 
each case (Chapter 5).
All spectra consisted of 400 accumulations with a 0.2 
second acquisition time and the instrumental bandwidth 
was 7c m - 1 or less.
2.3 Ultra-Violet/Visible Spectroscopy
2.3.1 Techn ique
The ultra-violet and visible spectra of organic 
compounds are associated with transitions between 
electronic energy levels. The transitions are between a 
bonding or lone pair orbital and an unfilled non-bonding 
or antibonding orbital. The wavelength of the absorption
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is a measure of the separation of the energy levels of 
the orbitals involved:
A  E = hy = he/\
(2 .6 )
The electronic spectrum is taken on a dilute solution 
normally in a 1cm silica cell. An identical cell 
containing solvent or water alone is used as a reference 
in the spectrometer and two equal beams of light are 
passed, one through the sample solution, the other 
through the reference. Once again the Beer-Lambert Law 
ho 1 d s :
Io
Abs = log,o --  = €cl
I
(2.7)
where IQ and I are the intensities of the incident and 
transmitted light respectively, 1 is the pathlength of 
the cell (cm), c is the concentration in moles/litre and 
e is the molar extinction coefficient.
The intensities of the transmitted beams from the 
reference and the sample are compared over the wavelength 
range of each run giving plots of absorbance versus 
wavelength for the sample.
2.3.2 Description of the UV/Vis Spectrophotometer
The electronic spectra were run on a Pye Unicam 
SP8-200 UV/Vis. spectrophotometer with a microprocessor 
incorporated for instrument control and data handling.
The instrument has two light sources, a 12 volt quartz 
halogen lamp for the visible and near infra-red region 
and a deuterium lamp for the ultra-violet region.
The bandwidth was set at Inm during these experiments 
and the spectra were plotted using a scan speed of 2 nm 
per second and chart speed of 1 0  seconds per centimetre. 
The wavelength range that was scanned was usually 
260-500nm and the temperature was maintained at 2 0 ° C by 
circulating water from a water bath.
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2.4 pH measurements
2.4.1 The pH meter
pH measurements were recorded at the end of 
experimental runs using a PHM 62 standard pH meter 
(Radiometer, Copenhagen) with a digital display panel.
The electrode is a combined electrode, type GK 2301 C 
(Radiometer, Copenhagen) which is a glass electrode and 
calomel reference electrode combined in one body.
2.4.2 pD Sta ndardisation
During the resonance Raman spectroscopy experiments 
some of the solutions were prepared using deuterium oxide 
in place of water. The " a c idity ” measured in deuterium 
oxide is not the activity of hydrogen ion, aH , but the 
activity of deuterium ion, aD . Studies of the response of 
the glass electrode in heavy water give considerable 
evidence that this electrode, when suitably conditioned, 
responds to deuterium ions in heavy water as well as to 
hydrogen ions in ordinary wa te r7 3 •7 4 . A g 1a s s - c a 1o m e 1 pH 
electrode standardised with a reference solution made up 
in ordinary water can be used to obtain a pD value if a 
correction factor of 0.40 is added to the pH meter 
read i ng.
pD = pH meter reading + 0.40 (2.8)
In this way pD values were obtained for experiments with 
deuterium oxide.
2.5 General Preparation of Solutions
2.5.1 Schiff Base Preparation
All-trans retinal from Fluka, Switzerland was used 
without further purification as it contained at least 95% 
of the all-trans isomer and previous analysis using HPLC 
and mass spectrometry showed that the only impurities 
present were other g e o m e t r i c a 1 isomers.
5 2
Retinal is a yellow solid, molecular weight 284.45, 
which is sensitive to light, humidity and air. It is 
stored in a refrigerator,in a sealed container under 
argon or nitrogen. N - b u t y 1 amine (Hopkin and Williams) was 
redistilled before use. The model schiff base,
N - r e t i n y 1idene n-butyI a m i n e , was prepared by the addition 
of all-trans retinal dissolved in a small volume of 
ethanol, to excess n-butylamine in an aqueous detergent 
solution made up in distilled water. The schiff base was 
prepared in a glove box in an inert argon or nitrogen 
atmosphere. The retinal was removed from the freezer and 
placed in the glove box for approximately 5-10 minutes to 
equilibrate to room temperature. After addition of the 
retinal to the n-butylamine detergent solution, the 
sample was allowed to sit for at least 2 0  minutes for the 
schiff base to form. All samples were wrapped in 
aluminium foil as light can cause isomerisat ion of the 
double bonds in retinal forming other geometric isomers. 
The solutions were freshly prepared for each experiment.
This method of schiff base preparation was used for 
all the schiff base hydrolysis reactions.
2.5.2 Preparation of Solutions for Formation Reactions
In the experiments studying the formation of the 
schiff base, the retinal and the n-butylamine were made 
up separately and were not mixed until the experiment 
commenced. Once again the retinal was dissolved in a 
small volume of ethanol but in this case it was added to 
a buffer and detergent mixture. The n-butylamine was also 
made in a buffer/detergent solution and mixing of the two 
solutions started the formation reaction.
2.5.3 Buffer Preparation
The buffers were prepared by dissolving the 
appropriate quantities of the constituents in distilled 
water to obtain the required concentrations. The 
constituents were then added together to obtain the 
correct final pH. A table showing the buffers used in
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this work is shown (Table 2.1). pH plays a major role in 
the formation and hydrolysis of retinal schiff bases 
because the schiff base is stable to hydrolysis at high 
and low pH but unstable at neutral pH. The schiff base is 
therefore formed at high pH and hydrolysed at neutral pH 
and appropriate buffers must be used.
For the schiff base formation reactions, buffers in 
the pH range 8-12 were used, usually at a concentration 
of 0.1M and for the hydrolysis reactions the buffers were 
in the pH range 4-7 again with a final concentration of 
0.1M. When the schiff base was prepared prior to 
hydrolysis the pH was high due to the excess 
n-butylamine, so the schiff base was in the unprotonated 
form and was stable to hydrolysis. The hydrolysis 
reaction was started by a pH jump which involved 1:1 
mixing of the schiff base with a buffer solution in the 
pH range 4-7.
In the formation reactions the retinal and 
n- butylamine were both made in buffer solutions in the pH 
range 8 - 1 2  so that when 1 : 1  mixing occurred the formation 
react i on took pi a c e . In the exper iments study i ng the 
buffer catalysis, buffers in the pH range 4-6 were used 
at final concentrations (after 1 : 1  mixing) of 0 .0 1 M,
0 . 05M, 0 . 1M and 0. 2M.
For the determination of the pK. value of the schiff 
base a pH range of 1-9 was covered and all buffers were 
0 . 1M final concentration.
2.5.4 Deter gents
It was necessary to use a detergent in these 
experiments because all-trans retinal is insoluble in 
water due to its long hydrocarbon chain and lack of polar 
groups. The detergent allows the retinal to dissolve in 
an aqueous solution by forming detergent micelles. It can 
do this because detergents have distinct hydrophobic and 
hydrophilic regions. The molecules orient their 
hydrophobic sites near the non-polar residues of the 
retinal and their hydrophilic sites beside the polar 
water molecules and in this way the retinal can be
Tab 1e 2.1
Table of Buffers and Their pH Range
BUFFER CONSTITUENTS SOURCE
Hydrochloric Hydrochloric Acid
Acid (HC1)
Hopkin + Williams 
(Analar)
Formate Sodium Formate (NaCH02 )
Formic Acid (HCOOH)
Koch - Light 
(pure)
Hopkin + Williams 
(G.P.R)
Acetate Sodium acetate trihydrate 
(CH3 COONa.3H2 0)
Glacial acetic acid 
(CH3 COOH)
Hopkin + Williams 
(Analar) 
Hopkin + Williams 
(Analar)
Phosphate Sodium dihydrogen phosphate May + Baker !
(NaH2 P04 2H2 0) (Analytical grade)
Disodium hydrogen phosphate Hopkin + Williams 
(Na2 HPO4 ) (Ana1ar)
Borate Sodium tetraborate 
(Na3 B4 Q7 10H20) 
Sodium hydroxide 
(NaOH)
May + Baker S
(Analytical grade) 
Formachem 
(pure)
pH RANGE
<2
.50-3.75
.00-5.50
.75-8.00
.00-10.00
CG.P.R. = general purpose reagent]
brought into aqueous solution. Detergents can be anionic, 
cationic, zwitterionic or neutral depending on the 
chemical structure of the polar head group. The 
hydrocarbon chain can vary in length and may have 
functional groups incorporated.
At a certain concentration of a detergent in solution 
called the critical micelle concentration aggregates are 
formed and the classical micelle is pictured as a roughly 
spherical shaped aggregate with a hydrocarbon core and a 
polar surface. With ionic detergents the charged head 
group and some of its oppositely charged counter ions are 
situated in a compact area called the Stern layer. The 
rest of the counter ions are located in the Gouy-Chapman 
electrical double layer, are dissociated from the micelle 
and can exchange with ions in the bulk aqueous phase 
(fig.2.4).
During the course of this work four detergents were 
used, namely Emulphogene BC-720, a gift from GAF, 
Ammonyx-LO from Onyx Chem. Comp., DTAB from Sigma and SDS 
from Sigma. Emulphogene is p o 1yoxyethy 1e n e - 10-1 r i d e c y 1 
ether and is a liquid, non-ionic detergent. Ammonyx-LO is 
an aqueous solution of lauryl dimethyl amine oxide and is 
a neutral detergent at high pH but cationic below about 
pH5. DTAB is dodecyl (lauryl) trimethyl ammonium bromide 
which is a solid, cationic detergent. Finally, SDS is 
sodium dodecyl sulphate which is a solid anionic 
detergent. Each of these detergents is chemically 
different and was chosen in order to establish if the 
mice 1lar environment affects the reactions in any way.
Ammonyx-LO and Emulphogene were both made up as 2%
(by volume) solutions which is equivalent to about 25mM 
solutions, DTAB was also 25mM and SDS was 12.5mM as 
higher concentrations caused problems with precipitation 
in the buffer. The concentration of each detergent was 
slightly higher than the critical micelle concentration 
which for Ammonyx-LO, DTAB and SDS respectively is 
2. 1x10- 3 M, 1. 5x10" 2 M and 8. 1xlO_;5M and this suggests that 
the detergents should exist as the classical spherical 
m i c e 1 1e 7 7 .
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FIGURE 2.4
A schematic representation of the regions of a spherical 
ionic micelle.The counter-ions (X),the head groups (©) 
and the hydrocarbon chains ( \AA ) are indicated to show 
their relative positions.
Aqueous 
bulk 
phase
Range of 
shear 
surface 1 0 -2 8  A
—  S tern layer, 
up to a few A
Gouy-Chapman 
double layer, up to 
several hundred A
(Taken from ref.77)
These critical micelle concentrations are obtained by 
following the change in some physical property of the 
solution as a function of surfactant concentration* Some 
of the physical properties that have been investigated to 
determine critical micelle concentrations for these 
detergents are the electrical conductivity, refractive 
index and turbidi ty7 0 *7 9 ’8 0 .
The four detergents that were used during these 
experiments have also been used to some extent in the 
extraction of the visual pigment rhodopsin itself. All 
extractants would appear to modify the structure of the 
pigment molecule to a certain degree so that in some 
detergents the rhodopsin denatures or cannot be 
regenerated once bleached. However Ammonyx-LO and 
Emulphogene have been shown to yield very pure rhodopsin 
without bleaching it9 1 *8 2 , whereas in DTAB the pigment is 
less stable and in SDS the rhodopsin denatures 
sufficiently to bleach spontaneously in the d a r k i e .
The effect that the different detergents have on the 
model compounds will be discussed later.
2.6 Kinetic Analysis
2.6.1 First Order Analysis on Apple Computer
At the end of each run on the stopped-flow
spectrophotometer the values of absorbance and time were 
stored on a data disc in the Apple computer. The first 
analysis of these results was a first order analysis 
using an Apple program for a least squares fit to:
A(t) = «0 + «i exp (-Xit) (2.9)
where ACt) is the absorbance at time t, <x„ is the
absorbance at the end of the reaction when the value of t
is large and \i is the rate constant of the reaction.
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For a first order reaction A -* B the rate equation
i s :
-d C A 3 = k C A ] 
at (2 .10)
The integrated rate equation:
CA] = C A 3 0 exp(-kt)
(2 .11)
is obtained by integration of the rate equation between 
the time limits t„ , taken as zero, and time t and between 
concen tra tion limits of CA3a and CA3t » where CA30 is the 
co ncentration of A at time zero and CA3t at time t.
This analysis is of limited use as the reaction must 
be first order. In experiments where intermediates are 
formed, for example in the case A -» B C which is a two
step reaction referred to as a biphasic process, a more
complicated analysis must be undertaken in order to 
establish the kinetics of the reaction.
2.6.2 Kinetic Analysis on Mainframe Computer
The main kinetic analysis was carried out on an ICL 
2976 computer using a program called Discrete which is 
for the automatic analysis of multicomponent exponential 
decay data. Discrete was provided by S.W. Provencher 
(European Molecular Biology Laboratory, Germany )93 and is 
a Fortran program for the analysis of data that can be 
represented by:
NX
j=0
(2 .12)
where k= 1,2,....N and N\ <9
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Only the raw data y k and tk are input and provision is 
made for an unknown instrument baseline component with 
Xo = 0. The form of the equation that is relevant to the 
analysis of these results is:
A (t ) = <Xo + (exp-Xit) + «2 (exp-Xzt) + «3 (exp-Xst)
(2.13)
where the raw data,A(t) and t are the absorbance and time 
values obtained from the stopped-flow experiments. In 
this case a biphasic reaction such as A B C would fit 
the equation:
A(t) = «o + (exp-Xit) + 0C2 (exp-\2t)
(2.14)
The best fit would be one of two components and the 
analysis would yield values of *o , «i , «z , Xi and \2 .
Each experiment that was analysed was at a fixed 
wavelength and timing sequence yielding 256 absorbance 
and time readings. In the computer analysis the data is 
fitted to one, two, three and four components with 5 
iterations in each case and the output contains the « and 
X values relevant to that fit. For example a one 
component fit would give values for «0 , <Xi and Xi whereas 
a two component fit would give values for <Xo , # 1 » « 2  » Xi and 
X2 and so on. Finally there is a listing of the number of 
components in the best fit, second best fit etc. along 
with parameters for these and the standard deviation of 
the fit.
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C H A P T E R 3
SCH I EE BASE F O R M A T  I OKI 
R E ACT I QMS .
3 • 1 M a t e r i a l  P r e p a r a t i o n
The N-retiny lidene n-butylamine schiff base was 
formed by mixing equal volumes of aqueous detergent 
solutions of retinal and n-butylamine. The formation 
reactions were studied in two detergents, Emulphogene and 
Ammonyx-LO, at pH 8,10 and 12 using 0.04M, 0.5M and 1M 
butyl am i ne concentrations at pH 8, 0.04M, 0.1M and 1M at
pH 10 and 0.04M and 0.1M butylamine concentrations at pH 
12. The rate of the formation reaction is first order in 
butylamine concentration and so the total reaction time 
could be changed by varying the butylamine concentration 
until convenient time scales for UV/visible and 
stopped-flow spectroscopy were found.
The buffers used in this work were prepared following 
the procedure described previously. At pH 8 a 0. 1M 
phosphate buffer was used to control the pH in the 
Emulphogene and Ammonyx solutions, and the retinal, 
dissolved in a small volume of ethanol, was added to the 
buffer in 2% (by volume) detergent solution. Similarly 
the appropriate butylamine concentrations were prepared 
in a 0 . 1M phosphate / 2% detergent solution and a small 
volume of concentrated hydrochloric acid was added to 
re-adjust the solution to pH 8.
At pH 10 a 0 . 1M borate buffer was used for the 
reactions with butylamine concentrations of 0.04M and 
0 . 1M, and no buffer was used when the butylamine 
concentration was 1M. At this high concentration of 
butylamine the retinal and butylamine were made up in 2% 
detergent solutions and the pH of the butylamine solution 
was adjusted to pH 10 by the addition of h y d r o c h 1 or i c 
acid. At this high pH the butylamine itself should 
provide some buffering action, especially in the more 
concentrated solutions, as it has a pK, value of around 
10.7 and so no other buffer was used. Similarly at pH 12 
no buffer was used and the 0.04M and 0.1M butylamine 
solutions were made in 2% detergent with sodium hydroxide 
added to adjust the pH to 12.
The retinal solutions prepared for use in the
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UV/visible and s t o p p e d - f 1ow spectroscopy had an 
absorbance reading of approximately 1 at 380nm and this 
was diluted after 1:1 mixing with the butylamine 
solution. Similarly the butylamine concentration is 
halved on addition of the retinal solution.
At the end of each experiment the pH of the mixed 
solution was measured and this was taken as the pH of the 
reaction. The retinal solutions were prepared each day in 
a glove box under argon or nitrogen and the samples were 
wrapped in aluminium foil as light causes isomerisation 
of the r e t i n a 1.
3.2 Ultra-viole t/V isible Spectroscopy
The formation reactions were started by pipetting 
equal volumes of retinal and butylamine in detergent 
buffer solutions into a 1cm cuvette and mixing the 
solutions manually. A spectrum was recorded immediately 
after mixing and that time was taken to be equal to zero 
seconds. The reaction was followed by recording spectra 
at certain time intervals after mixing and superimposing 
each spectrum on the previous spectra.
The absorbance maxima of retinal in Emulphogene and 
Ammonyx respectively are 384nm and 388nm and that of the 
schiff base (in the unprotonated form) is 364nm in both 
detergents. The formation reaction can therefore be 
easily followed using UV/visible spectroscopy because of 
the shift in the absorbance maximum as the reaction 
proceeds. Each spectrum recorded covered a wavelength 
range of 260nm to 500nm and the temperature remained 
constant at 20°C during the experiments.
Typical electronic spectra are shown in f i g s .3.1-3.6. 
The schiff base formation reaction in figs.3.1-3.3 are in 
Emulphogene at pH 7.99, 10.04 and 11.75 respectively, and
in figs.3.4-3.6 are in Ammonyx at pH 8.05, 10.07 and
11.88 r e s p e c t i v e 1y .(These will be referred to as pH 8,10 
and 12 in the text.)
In fig.3.1 it can be seen that the retinal peak at 
approximately 380nm is present at the start of the 
reaction and shifts towards 360nm as the schiff base is
60
FIGURE 3.1
UV/visible spectrum of schiff base formation reaction 
in phosphate buffer/Emulphogene at pH 7.99, with a 
final butylamine concentration 0.25M.
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FIGURE 3.2
UV/visible spectrum of schiff base formation reaction 
in borate buffer/Emulphogene at pH 10.04, final 
butylamine concentration 0.02M.
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F I G U R E  3.3
UV/visible spectrum of schiff base formation 
reaction in Emulphogene at pH 11.75, final 
butylamine concentration 0.02M.
0-7 T
t(mins)
05 -1-
0-4 -
ABS.
0-3 -
0-2 -
0-1 ••
460 2604 2 0 300340380500
I (nm)
FIGURE 3.4
UV/visible spectrum of schiff base formation reaction 
in phosphate buffer/Ammonyx at pH 8.05,final butylamine 
concentration 0.25M.
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FIGURE 3.5
UV/visible spectrum of schiff base formation reaction 
in borate buffer/Ammonyx at pH 10.07,final butylamine 
concentration 0.02M.
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FIGURE 3.6
UV/visible spectrum of schiff base formation reaction in 
Ammonyx at pH 11.88,final butylamine concentration 0.02M.
f (mtns)
0*5
0*2
0-1
//
0 0
260300380 340460 420500
A(nm)
formed. The reaction occurs more quickly as the pH is
raised between 8 and 12 or as the butylamine
con cen tration is increased, As a result or this, at pH 12
for example, the reaction is almost complete by the time
the first spectrum is recorded, even at low butylamine
concentrations. This can be seen in fig.3.3 which shows
that by the time the solutions are mixed manually and the
cuvette is placed in the spectrophotometer, the retinal
has already been converted to the schiff base, as shown
by the maximum absorbance at 360nm. Similarly at pH 8 and
10 the reaction at high butylamine concentration, for
example 0.5M final concentration, is almost complete when
the first spectrum is recorded and the spectra obtained
are similar to fig.3.3, (spectra not shown).
A major problem with the ultra-violet spectroscopy 
experiments is that any rapid reactions occurring 
immediately after mixing will not be detected, because of 
the time taken to mix the solutions manually and place 
the cuvette in the spectrometer which is approximately 
15-20 seconds. This problem is especially bad at high pH 
and high butylamine concentrations when it is obvious 
from the spectra that the beginning of the reaction is 
mi s s e d .
The problem is eliminated in the stopped-flow 
experiments where the mixing is very rapid and for this 
reason stopped-flow spectroscopy was used as the main 
technique for studying these reactions. The 
u 1t r a - v i o 1e t /v i s i b 1e spectra were recorded to check that 
the reagents were reacting to form a schiff base (from 
the shift in absorbance maximum) and to determine the 
timescales of the reactions for use in the stopped-flow 
spectroscopy.
It is interesting to note that the spectra in figures 
3.1-3.6 all have an isosbestic point which is a point 
common to the superimposed spectra which were run at 
different times after mixing. The fact that the spectra 
all pass through the isosbestic point suggests that the 
reaction is likely to be a one stage reaction, such as 
A — >B, with no intermediates observable on this time 
scale. (Transients at the isosbestic point are seen in
6 1
stopped-flow hydrolysis experiments.)
3.3 S t o p p e d - F 1ow Spectroscopy
The samples used in the stopped-flow experiments were 
identical to those used in the UV/visible spectroscopy 
experiments. The retinal and n-butylamine in detergent 
buffer solutions were injected into the two driving 
syringes in the stopped-flow spectrometer and were 
allowed to equilibrate to 20° C.
Each of the formation reactions was followed for 
various lengths of time ranging from a few seconds to 10 
minutes at a fixed wavelength. These runs were then 
repeated over a wavelength range of 330nm to 450nm every 
lOnm to give extensive coverage of the reaction..
The geometric and arithmetic timescales were used in 
conjuction with linear timescales so that any very fast 
reactions could be seen by a rapid absorbance change at 
the start of the run, followed by slower changes as the 
reaction proceeds.
Control reactions were done where the butylamine 
solution was replaced by a detergent buffer solution 
alone, and in these experiments there was no change in 
the ret i n a 1 absorbance with time at any wave length, as 
would be expected.
Typical stopped-flow traces can be seen in 
f i g s .3.7-3.14. The schiff base formation reactions in 
f i g s .3.7-3.10 are in Emulphogene and those in 
f i g s .3.11-3.14 are in Ammonyx at pH 8,10 and 12. The 
first trace in each of these figures is at a fixed 
wavelength below the isosbestic point at 340nm, 350nm or
360nm. In each of these traces the absorbance increases 
with time as the retinal is converted to schiff base, as 
would be expected from the UV/vis. spectra.
The second trace in each figure is at a fixed 
wavelength above the isosbestic point at 400nm, 410nm or
420nm. In each of these traces the absorbance decreases 
with time as the schiff base is formed.
The traces shown cover a range of timing sequences 
such as a 25.6 second, linear run,fig.3.9; 329 second
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F I G U R E  3 . 7
Stopped-flow traces of schiff base formation reaction 
in phosphate buffer pH8/Emulphogene,final butylamine 
concentration 0.5M. Timing sequence is geometric with 
DT=75msec, N=32 and total time=612secs.
a . A=340nm
612100
t(secs)
b, A=410nm
612100
f ( s s c s )
FIGURE 3.8
Stopped-flow traces of schiff base formation reaction 
in borate buffer pHlO/Emulphogene, final butylamine 
concentration 0.02M.Timing sequence is arithmetic with 
DT=10msec and total time=329secs.
a, A = 350nm
1 10 100 330
Hsecs)
b. A=410nm
1 10 100 
t-(sacs)
330
F I G U R E  3 . 9
Stopped-flow traces of schiff base formation reaction in 
Emulphogene at pHIO,final butylamine concentration 0.5M. 
Timing sequence is linear with DT=100msec and total 
t ime=25.6secs.
a. X = 340nm
•.V'
0-1 1 10 25
t(sGCS)
b. A = 410nm
25100*1 1
Hsecs)
FIGURE 3.10
Stopped-flow traces of schiff base formation reaction in 
Emulphogene at pHl2,final butylamine concentration 0.05M. 
Timing sequence is arithmetic with DT=2msec and total 
time=65.8secs.
a. A=340nm
0*1 1 10 65
t(secs)
b. A= 400 nm
0*1 1 10
f(secs)
65
FIGURE 3.11
Stopped-flow traces of schiff base formation reaction 
in phosphate buffer pH8/Ammonyx,final butylamine 
concentration 0.25M.Timing sequence is arithmetic with 
DT=10msec and total time=329secs.
a. X-360nm
1 10 100
t(secs]
330
b . X=410nm
1 10 100
r(sGCS]
350
FIGURE 3.12
Stopped-flow traces of schiff base formation reaction 
in borate buffer pHlO/Ammonyx, final butylamine 
concentration 0.02M.Timing sequence is geometric with 
DT=75msec,N=32 and total time=612secs.
a. A=360nm
0-1 1 10 612
t(secs)
b . A=420nm
-i— i.
0-11 10 100 
f (secs)
612
F I G U R E  3 . 1 3
Stopped-flow traces of schiff base formation reaction 
in borate buffer pHlO/Ammonyx, final butylamine 
concentration 0.05M.Timing sequence is arithmetic with 
DT=10msec and total time=329secs.
a. A =340 nm
330101 100
Hsecs)
b . A=410nm
1 10 100 330
t(secs)
FIGURE 3.14
Stopped-flow traces of schiff base formation reaction 
in Ammonyx at pHl2,final butylamine concentration 0.02M. 
Timing sequence is geometric with DT=5msec/ N=32 and 
total time=41secs.
a. A=350nm
0-01 0-1 1 10 40
t(secs)
b . A=410 nm
1010-01 0*1
f fsscs)
arithmetic run,fig.3.8; 65.3 second arithmetic run,
fig.3.10; 41 second geometric run,fig.3.14 and 612 second
geometric r u n ,f i g .3.12. In each trace the best fit is 
shown from either the Apple computer analysis or the 
mainframe analysis using the results obtained for a one 
component fit.
The y-axis in the stopped-flow traces is a 
measurement of ^  A in arbitrary units (the highest and 
lowest absorbance readings during the experimental run 
were used to obtain the limits of this axis in each 
c a s e ) .
3.4 Kinetic Results
Each experimental run on the stopped-flow apparatus 
yielded 256 absorbance and time readings and these data 
were analysed using the Apple and mainframe computer 
programs. This analysis showed that the formation 
reactions in Ammonyx and Emulphogene, under the 
conditions of these experiments, are best represented by 
a one component fit. There is no evidence to suggest that 
an intermediate is formed during the formation reactions 
and it would appear that the reaction is a simple one 
stage, A — type reaction with a rate constant \i .
From the analysis, values of <Xo , and\i are obtained 
for a one component fit as previously shown from eqn,
2. 13.
A (t ) = «o+«i (exp-Xi t)+«2 (exp-Xit) + ......
(2.13)
A typical example of the values of rate constant 
obtained in a formation reaction at pH 12, with Ammonyx 
as detergent, can be seen in table 3.1. The value of rate 
constant at 380nm was not included in the calculation of 
the mean as anomalous values are normally obtained at the 
isosbestic point, which is 380nm. These values can then 
be averaged, along with data from other runs of the same 
experiment with different timing sequences, to give a
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Tab 1e 3.1
Table showing values of rate constants obtained over 
a wavelength range of 330nm to 440nm during schiff base 
formation reaction in Ammonyx at pH 12, final butylamine 
con cen tration of 0.02M, during a geometric run.
Wavelength (nm) Rate constant\i (min- 1 )
330 0. 739
340 0. 746
350 0.724
360 0. 650
370 0.688
380 0. 506
390 0. 728
400 0. 677
410 0. 673
420 0. 694
430 0. 701
440 0. 689
Mean = 0.701 (excluding 380nm) 
S.D. = 0.030
value of the rate constant for the reaction under those 
particular conditions. This can be repeated for reactions 
with different conditions giving average values of the 
rate constant for the formation reaction in Ammonyx at 
other pH values (table 3.2).
From these results it can be seen that the rate 
constant obtained from the analysis increases with 
increasing butylamine concentration and, as was mentioned 
previously, the formation reaction is first order in 
butylamine concentration. The rate constant obtained from 
the stopped-flow analysis is equal to the true rate 
constant of formation multiplied by the concentration of 
butylamine. The true rate constant can therefore be 
obtained on dividing by butylamine concentration in each 
case. This is shown in the last column in table 3.2.
These results clearly show that the rate of the formation
reaction increases as the pH is increased from pH 8 to pH
12 and that there is quite good agreement in the rate
constants calculated at different butylamine 
concentrations.
(The hydrolysis reaction using 0.04M butylamine at pH 
8 was not studied using stopped-flow spectroscopy as 
ult ra-violet/visible spectroscopy showed that the 
reaction was very slow indeed under these conditions - 
similarly for Emu 1p h o g e n e . )
The results of «0 and «i obtained from the one 
component fit in the mainframe analysis can be used to 
construct spectra of retinal and the schiff base. Using 
equation 2.13 it can be seen that when t=0 (ie at the 
start of the reaction) A = «o+<Xi .
If values of A are calculated at each wavelength and 
plotted versus wavelength, then the spectrum of retinal 
(which is the absorbing species at the start of reaction) 
can be obtained. Similarly at the end of reaction, when t 
tends towards infinity, A = <x0 » and so a plot of (Xo values 
versus wavelength should produce a spectrum of the schiff 
b a s e .
Table 3.3 shows C(o , <X: and calculated A values over a 
wavelength range of 330nm to 450nm for the schiff base 
formation reaction in Ammonyx at pH 8. A plot of cXo and
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Table 3.2
Table showing average rate constants for the schiff 
base formation reactions in Ammonyx at different pH 
values and final butylamine concentrations.
Final butylamine Rate constant Rate cons
pH concentration (m i n - 1 ) cor recti
(mo 1a r ) from analysis for CBu 
(M“ 1 min'
8 0. 25 0.215 (0.033) 0.860
8 0.50 0. 518 (0.029) 1. 036
10 0.02 0. 179 (0.013) 8. 950
10 0. 05 0. 341 (0.015) 6. 820
10 0. 50 3. 550 (0.223) 7. 100
12 0. 02 0. 713 (0.041) 35.650
12 0. 05 1. 652 (0.141) 33.040
(Figures in brackets are standard deviations.)
Table 3.3
Table showing values of tXo and from 1 component 
fit in mainframe analysis of schiff base formation 
reaction in Ammonyx at pH 8, final butylamine 
conc ent ration of 0.5M, geometric run.
Wave 1e n g t h (n m ) «0 A = df0 + Cfi
330 0.3176 -0.1270 0.1906
340 0.3874 -0.1664 0.2210
350 0.4569 -0.1817 0.2752
360 0.4822 -0.1615 0.3207
380 0.3980 -0.0073 0.3907
390 0.3102 0.0807 0.3909
400 0.2018 0.1398 0.3416
410 0.1266 0.1568 0.2834
420 0.0774 0.1388 0.2162
430 0.0535 0.1027 0.1562
440 0.0389 0.0653 0.1042
450 0.0267 0.0319 0.0586
<Xo + tXi versus wavelength is shown in figure 3.15 and it 
can be seen that, from these values, reasonably accurate 
spectra of retinal and schiff base can be drawn. Similar 
spectra can be created from the results of the formation 
reaction at other pH values and butylamine 
concentrations.
The formation reactions in Emulphogene were followed 
in addition to those in Ammonyx, and the results obtained 
from the analysis of the stopped-flow runs can be 
examined in a similar way.
An example of the values of the rate constant 
obtained from a schiff base formation reaction in 
Emulphogene at pH 10, final butylamine concentration of
0.05M, may be seen in table 3.4.
Average values of the rate constants over the pH 
range 8-12 can be seen in table 3.5.
Once again the values of«0 and , obtained from the
mainframe analysis of the formation reaction over the 
wavelength range 330nm to 450nm, may be used to construct 
spectra of retinal (using A = <x0 +«i ) and the schiff base 
(using A = <Xo ) , table 3.6 and fig.3.16. These values allow 
reasonably accurate spectra of retinal and schiff base to 
be drawn, and similar spectra can be constructed from 
other runs.
The average rate constants for the formation reaction 
in Ammonyx and Emulphogene at pH 8, 10 and 12 can be
calculated from the results in tables 3.2 and 3.5 and are 
shown in table 3.7 along with values of the logarithm of 
the formation rate constants (M~1 sec"1 ). These values can 
be compared directly with values of log k* obtained from 
steady-state analysis, the results of which are shown in 
figure 3.17 (taken from ref.69). The steady-state 
analysis of the formation reaction yielded values of 
approximately -2.0, -1.0 and -0.5 for log k+ (M'1 sec " 1 )
in Ammonyx at pH 8,10 and 12 respectively and values of 
approximately -2.6, -0.7 and 0 in Emulphogene at pH 8, 10
and 12 respectively. The results obtained from the 
stopped-flow runs are in good agreement with these values 
and show that at pH 8 the formation reaction is faster in 
Ammonyx than in Emulphogene, but at higher pH values of
6 5
10 and 12 the formation is faster in Emulphogene.
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F I G U R E  3 . 1 5
Spectra of retinal and schiff base in Ammonyx constructed 
using o<0 and oi% values in Table 3.3.
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T a b 1e 3.4
Table showing values of 
a wavelength range of 330nm 
formation reaction in Emulph 
butylamine concentration of 
linear time-scale.
Wavelength (nm)
330
340
350
360
370
380
390
400
410
420
430
440
450
rate constants obtained over 
to 450nm during schiff base 
ogene at pH 10, final 
0.5M, during a run with a
rate constant Xi (min' 1 )
10.500
10.398 
10.380 
10.236 
10.038
8. 586 
10.908 
10.446
10.398 
11.124 
10.110 
10.152 
10.428
Mean = 10.426 (excluding 380nm)
S.D. = 0.315
Tab 1e 3,5
Table showing average rate constants ' for the schiff 
base formation reactions in Emulphogene at different pH 
values and final butylamine concentrations.
pH
Final butylamine 
concentration
Rate 
cons tant
Rate constant 
corrected
(mo 1a r ) (min- 1 ) f rom 
ana lysis
for [But] 
(M ~ 1m i n ~ 1
8 0. 25 0. 086 (0.043) 0. 344
8 0. 50 0. 126 (0.028) 0.252
10 0. 02 0. 286 <0.042) 14.300
10 0.05 0.654 (0.023) 13.080
10 0. 50 10.360 (0.440) 20.720
12 0. 02 1. 704 (0.038) 85.200
12 0.05 4. 391 (0.109) 87.820
(Figures in brackets are standard deviations.)
Tab Ie 3.6
Table showing values of (*„ and from 1 component 
fit in mainframe analysis of schiff base formation 
reaction in Emulphogene at pH 10, final butylamine 
co nce ntratio n of 0.5M, linear timescale.
WavelengthC n m ) «0 «i A=«0 +«i
330 0.5438 -0.1525 0.3913
340 0.6322 -0.1932 0.4390
350 0.6960 -0.2076 0.4884
360 0.7231 -0.1765 0.5466
370 0.6695 -0.0951 0.5744
380 0.5488 0.0200 0.5688
390 0.4173 0.1172 0.5343
400 0.2700 0.1686 0.4386
410 0.1816 0.1712 0.3528
420 0.1320 0.1627 0.2947
430 0.0984 0.1027 0.2011
440 0.0733 0.0648 0.1381
450 0.0710 0.0356 0.1066
FIGURE 3.16
Spectra of retinal and schiff base in Emulphogene constructed 
using (X0 and OC, values in Table 3.6.
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Tab i e 3.7
Table showing average values of the rate constant of 
schiff base formation in Ammonyx and Emulphogene at pH 8, 
10 and 12.
Detergent PH
average value of 
rate constant (k*) log k*
(M~1m i n " 1 ) (M~ 1 see" 1 )
Ammonyx 8 0.948 -1.801
10 7.623 -0.896
12 34.345 -0.242
Emulphogene 8 
10 
12
0. 298 
16.033 
86.510
-2.304 
-0.573 
0. 159
log
 
kr
 
(M 
se
c
FIGURE 3.17
Steady-state pH-rate profiles for formation of schiff has 
in aqueous detergent mixtures at 20°C. A=Ammonyx; 
E=Emulphogene; D=DTAB and S=SDS.
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(Taken from ref.69)
C H A P T E R
S CM I E E BASE H Y D R O L Y S  I S 
REACT I OMS -
4 • 1 Material Preparation
The N - r e t i n y 1idene n-butylamine schiff base was 
formed by addition of a small volume of a concentrated 
retinal in ethanol solution to excess IGmM n - b u t y 1 amine 
in an aqueous detergent solution. This mixture was left 
for at least 20 minutes to allow the schiff base to form 
and then the hydrolysis reaction was started by mixing 
equal volumes of this schiff base solution and a 
buffer/detergent solution.
The hydrolysis reaction was studied in four 
detergents, name 1y Emu 1p h o g e n e , A m m o n y x , SDS and D T A B .
The reactions in Emulphogene and Ammonyx were studied at 
pH 4,5,6 and 7 using 0. 2M acetate buffers at pH 4 and 5, 
and 0. 2M phosphate buffers at pH 6 and 7. These buffers 
were prepared following the procedure described 
previously. The schiff base and the buffers were made up 
in 2% (by volume) Emulphogene or Ammonyx solutions. The 
hydrolysis reaction in DTAB was studied at pH 5.5 using a 
0.2M acetate buffer and in this case the schiff base and 
buffer were made up in 25mM DTAB solution.
In these three detergents the schiff base prior to 
mixing with buffer solution is in the unprotonated form 
as it is prepared at high pH due to the excess 
butylamine. The hydrolysis reaction is started by mixing 
the unprotonated schiff base with the detergent/buffer 
solution in the pH range 4-7. This pH jump causes the 
formation of the protonated schiff base, which is the 
reactive species, and so the hydrolysis reaction begins.
The hydrolysis reactions in SDS were studied at pH 
9,10 and 11 using 0.04M borate buffer in each case. The 
schiff base and buffers were made up in 12.5mM SDS 
solutions (higher concentrations of SDS or of borate 
buffer caused precipitation problems). In these reactions 
the pH is much higher than with the other detergents and 
this is necessary because the entire p H - h y d r o 1ysis rate 
curve is shifted to high pH when SDS is the detergent, 
fig. 1.17. This is because of the pK„ shift of the schiff 
base induced by the strongly cationic SDb detergent and 
will be discussed in more detail later. As a result of
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this, hydrolysis will only occur rapidly around pH 9-13 
and so the reaction must be studied within this pH range.
This causes problems experimentally because in order 
for the hydrolysis reaction to occur the schiff base must 
become protonated. With the other detergents this 
protonation takes place on 1:1 mixing of the schiff base 
with the buffer in pH range 4-7 but with SDS a different 
procedure was used. The unprotonated schiff base was 
formed by addition of retinal in ethanol to lOmM 
butylamine in ethanol (not detergent as is usually the 
case). 1ml of this concentrated unprotonated schiff base 
solution was then added to 100ml of lOmM hydrochloric 
acid in 12.5mM SDS to form the protonated schiff base at 
low pH. The hydrolysis reaction was then started by 1:1 
mixing of this protonated schiff base with the 0.04M 
borate buffer in 12.5mM SDS at pH 9,10 or 11.
With each of the four detergents used in the
hydrolysis reactions the schiff base concentration and 
the buffer concentration are halved when 1:1 mixing 
occurs. The schiff base was prepared so that before the 
1:1 dilution it had an absorbance reading of 
approximately 1 at 360nm (unprotonated schiff base peak). 
The protonated schiff base has an absorbance maximum at 
430-445 nm (depending on detergent) and so in the SDS 
experiments the protonated schiff base was prepared with 
an absorbance of around 1 at 445nm.
It should be noted that in the hydrolysis reactions
the rate of the reaction is independent of the butylamine 
concentration, unlike the formation reactions, but the 
rate of hydrolysis i_s_ dependent on the pH of the 
reaction. At the end of each experiment the pH of the 
products of reaction was recorded and this was taken as 
the pH of the reaction.
General base catalysis of the hydrolysis reaction in 
Ammonyx was studied at pH 4,5 and 6 using acetate buffers 
at pH 4 and 5 and phosphate buffer at pH 6. The schiff 
base was made using the same procedure as before and the 
buffer concentrations were 0.02M, 0.1M, 0.2M and 0.4M,
giving final concentrations of 0.01M, 0.05M, 0.1M and
0.2M after 1:1 mixing. In these experiments it was
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essential that for each buffer series at any pH, the 
final pH after 1:1 mixing with the schiff base must be 
within about 0.1 pH units to make comparisons between the 
different concentrations valid. Trial runs showed that 
the pH of the buffer solution did increase slightly 
(especially the less concentrated buffers) when mixed 
with the schiff base solution, due to the excess lOmM 
butylamine. To compensate for this rise in pH, a 
calculated (small) amount of 1M hydrochloric acid was 
added to the buffer before mixing and in this way the 
final pH of each reaction was carefully controlled and 
was recorded at the end of reaction.
For the determination of the pK, values of the schiff 
base, the hydrolysis reaction was studied in Emulphogene, 
Ammonyx and DTAB detergents using buffers in the pH range 
1-9. The schiff base was prepared as described previously 
and the buffer concentration used in all the experiments 
was 0.2M. Buffers used to control the pH were:- 
hydrochloric acid pH 1-2, formate buffer pH 2.5-3.75, 
acetate buffer pH 4-5.5, phosphate buffer pH 5.75-8 and 
borate buffer at pH 9. These were prepared as described 
prev i o u s 1y .
The schiff base solution for the low temperature 
u 1t r a - v i o 1e t / v i s i b 1e spectroscopy was prepared by two 
slightly different methods. The first method of schiff 
base preparation was the same as for the
u 1t r a - v i o 1e t /v i s i b 1e spectroscopy at 20 °C, where a small 
volume of retinal in ethanol is added to lOmM butylamine 
in detergent solution. The hydrolysis is started by 
mixing equal volumes of this schiff base solution with 
detergent/buffer solution. The second method involved 
making a more highly concentrated retinal in ethanol 
solution and adding this to a lOmM butylamine in ethanol 
solution. A small volume of this concentrated schiff base 
in ethanol is then added to a larger volume of 
buffer/detergent to start the hydro 1ysis reaction. The 
low temperature ultra-violet/visible spectra of the 
hydrolysis reaction were recorded in Ammonyx detergent at 
pH 4,5 and 6, using 0.2M acetate buffers at pH 4 and 5 
and 0.2M phosphate buffer at pH 6.
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The effect of deuterium oxide (in place of water) on 
the schiff base hydrolysis rate was studied by UV/visible 
and stopped-flow spectroscopy. The hydrolysis reaction 
was followed in Ammonyx detergent using a 0. 2M acetate 
buffer at pD 4 and the usual 1:1 mixing technique of 
schiff base and buffer was used in this experiment.
In all these experiments the schiff base solutions 
were prepared daily, working in an argon or nitrogen 
atmosphere and the containers were wrapped in aluminium 
foil to eliminate photoisomerisation problems.
4.2 Ultra-Violet/Visible Spectroscopy
The hydrolysis reactions were started in a similar 
way to the formation reactions except in this case equal 
volumes of the schiff base and the buffer in detergent 
solutions were pipetted into a cuvette and mixed 
manually. The spectra were recorded in the same way, 
covering a wavelength range of 260nm to 540nm, in this 
case, with the temperature remaining constant at 20°C.
The hydrolysis reaction can be monitored by following 
the shift in the absorbance maximum during the reaction. 
The unprotonated and protonated schiff bases absorb at 
around 360nm and 440nm respectively, with the retinal 
peak at around 380nm. At the start of the reaction the 
solution contains a mixture of unprotonated and 
protonated schiff bases with the proportion of each 
depending on the detergent and the pH of the reaction, 
and as the reaction proceeds the retinal peak appears at 
3 8 0 n m .
Typical UV/visible spectra can be seen in 
f i g s .4.1-4.12. The schiff base hydrolysis reaction in 
figs.4.1-4.4 are in Emulphogene at pH 4.12, 5.09, 6.26
and 7.23 respectively. (These will be referred to as pH 
4,5,6 and 7 in the text.) Fig s. 4.5-4.8 are in Ammonyx at 
pH 4.22, 5.04, 6.23 and 7.17 respectively. F ig. 4.9 is in
DTAB at pH 5.65 and figs.4.10-4.12 are in SDS at pH 9.01. 
10.05 and 10.65 respectively.
FIGURE 4.1
UV/visible spectrum of schiff base hydrolysis reaction 
in acetate buffer/Emulphogene at pH 4.12.
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FIGURE 4.2
UV/visible spectrum of schiff base hydrolysis reaction 
in acetate buffer/Emulphogene at pH 5.09.
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FIGURE 4.3
UV/visible spectrum of schiff base hydrolysis reaction
in phosphate buffer/Emulphogene at pH 6.26.
0-4
(ml ns)
" s
0*3
/// ///
/// v
u/ff
////// 1
ABS.
0-2
7/ / //0-1
0*0
260300420 380460 340540 500
X(nm)
FIGURE 4.4
UV/visible spectrum of schiff base hydrolysis reaction 
in phosphate buffer/Emulphogene at pH 7.23.
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FIGURE 4.5
UV/visible spectrum of schiff base hydrolysis reaction
in acetate buffer/Ammonyx at pH 4.22.
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FIGURE 4.6
UV/visible spectrum of schiff base hydrolysis reaction 
in acetate buffer/Ammonyx at pH 5.04.
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FIGURE 4.7
UV/visible spectrum of schiff base hydrolysis reaction 
in phosphate buffer/Ammonyx at pH 6.23.
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FIGURE 4.8
UV/visible spectrum of schiff base hydrolysis reaction 
in phosphate buffer/Ammonyx at pH 7.17.
0‘5
ABS.
////0-2
i1/!
0*1
0-0
260460 3003 4 0500
FIGURE 4.9
UV/visible spectrum of schiff base hydrolysis reaction
in acetate buffer/DTAB at pH 5.65.
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FIGURE 4.10
UV/visible spectrum of schiff base hydrolysis reaction 
in borate buffer/SDS at pH 9.01.
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FIGURE 4.11
UV/visible spectrum of schiff base hydrolysis reaction
in borate buffer/SDS at pH 10.05.
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FIGURE 4.12
UV/visible spectrum of schiff base hydrolysis reaction 
in borate buffer/SDS at pH 10.65.
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It can be seen from figs.4.1 and 4.2 that in 
Emu 1phogene at pH 4 and 5 the schiff base at the start of 
the reaction is predominantly in the protonated form 
(absorbance peak at approximately 440nm) and as the 
reaction proceeds this is converted to retinal. At pH 6 
the schiff base is a mixture of the protonated form and 
(predominantly) the unprotonated form (absorbance peak at 
around 360nm) at the start of reaction (fig.4.3). At pH 7 
the schiff base is predominantly in the unprotonated form 
at the start of reaction (fig.4.4). It would appear from 
these spectra that the reaction occurs more quickly at pH 
5 and 6 in Emulphogene and the rate drops off at pH 4 and 
7, as would be expected from the bell-shaped pH-rate 
curves characteristic of schiff base hydrolysis 
react i o n s .
Similar observations can be made for the reactions in 
Ammonyx where at pH 4 (fig.4.5) the schiff base is a 
mixture of the protonated and the unprotonated form, and 
as the pH is raised to pH 7 the schiff base is more 
predominantly in the unprotonated form (figs . 4.6-4.8). 
Again the rate of the hydrolysis reaction in Ammonyx 
would appear to be faster at pH 5 and 6 and slower at pH 
4 and 7. Overall the hydrolysis rate is faster in Ammonyx 
than in Emulphogene.
The hydrolysis reaction in DTAB was only studied at 
pH 5.5 which is near the maximum in the pH-rate curve of 
DTAB. At the start of the reaction the schiff base is a 
mixture of the unprotonated and protonated forms 
(fig.4.9).
In SDS at pH 9 the schiff base is predominantly in 
the protonated form (fig.4.10) and at pH 10 and 11 it is 
predominantly in the unprotonated form (f i g s .4.11-4.12).
When the schiff base is mostly in the protonated or 
unprotonated form then it shows that the pH of the 
reaction is below or above the pK* value of the schiff 
base, respectively. From these spectra therefore a rough 
guess of the pK. value of the schiff base in Emulphogene, 
Ammonyx and SDS would be around 5.5, 4.5 and 9.5
respect ively.
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Close examination of figures 4.1-4.12 shows that in 
some cases the spectra recorded at certain times during 
the reaction do not pass through a common isosbestic 
point. This suggests that the hydrolysis reaction under 
certain conditions may not be a straight-forward one step 
reaction after protonation of the schiff base. Once again 
these reactions were studied in much more detail using 
stopped-flow spectroscopy which allowed the use of 
arithmetic and geometric timescales to see if any fast 
reactions were occurring.
4.3 Stopped-Flow Spectroscopy
The samples used for stopped-flow experiments were 
identical to those in UV/visible spectroscopy 
experiments. The schiff base and buffer in detergent 
solutions were injected into the two driving syringes in 
the stopped-flow apparatus and left to equilibrate to 
20° C .
Each hydrolysis reaction was studied at a fixed 
wavelength using various linear, geometric and arithmetic 
timing sequences. The runs were repeated over a 
wavelength range of 330nm to 530nm, at lOnm intervals.
Instrumental controls were done where the 
b u f f e r /deter gent solution was replaced by detergent 
solution alone and in these experiments no apparent 
absorbance changes took place at any wavelength.
Typical stopped-flow traces can be seen in 
f i g s .4.13-4.24. The schiff base hydrolysis reactions in 
figures 4.13-4.15 are in Emulphogene detergent at pH 4,5 
and 6 respectively. The timing sequences used for these 
runs had a long total time as the hydrolysis reaction in 
Emulphogene is quite slow. The reaction at pH 4 
(fig.4.13) appears to have a lag period at the start of 
the reaction lasting approximately 100 seconds. After 
this time it can be seen that the absorbance starts to 
change more as the reaction proceeds. At 360nm 
(fig.4 . 13a) the absorbance increases with time and at 
440nm (fig.4 . 13b) the absorbance decreases with time. 
These changes in absorbance are what would be expected
FIGURE 4.13
Stopped-flow traces of schiff base hydrolysis reaction
in acetate buffer pH4/Emulphogene. Timing sequence is
geometric with DT=75msec/ N=32 and total time=612secs.
a. X = 360 nm
—1 l _    i   I_____________________________ |__
O'1 1 10 100 612
Msecs)
b> X =440  nm
0*1 1 '10 100
Hsecs)
612
FIGURE 4.14
Stopped-flow traces of schiff base hydrolysis reaction
in acetate buffer pH5/Emulphogene.Timing sequence is
geometric with DT=75msec/ N=32 and total time=612secs.
a. A=330nm
0-1 1 10 t(secs) 100 612
b. A=390nm
0 - 1 1  10 100 
Msec s)
612
FIGURE 4.14 (cont.)
c . A=470 nm
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FIGURE 4.15
Stopped—flow traces of schiff base hydrolysis reaction 
in phosphate buffer pH6/Emulphogene.Timing sequence in
(a) and (b) is linear with DT=lsec and total time=256sec 
and in (c) and (d) is geometric with DT=75msec/ N=32 and 
total time=612secs.
a. A=350nm
1 10 100
t(secs)
256
b. A=470nm
FIGURE 4.15 (cont.)
c . A=370nm
0-1 1 10 100 612
tfsecs)
d . A=440nm
0-1 1 10 100 612
t(secs)
from examination of the UV/vis. spectrum (fig.4.1).
At pH 5 and 6 the reaction occurs more quickly 
(figs.4.14-4.15) and it is obvious that there is some 
reaction taking place within the first 100 seconds. This 
can also be seen with a shorter, linear timing sequence 
at pH 6 (fig.4.15 a and b). These traces suggest that the 
hydrolysis reaction under these conditions is not a 
single step reaction, but is a two stage reaction 
involving some transient intermediate species.
At pH 7 the hydrolysis reaction in Emulphogene is 
very slow and as a result of this the absorbance hardly 
changed at all during the timescale of the stopped-flow 
run. Since the absorbance scale on the y-axis represents 
the difference in absorbance between the maximum and 
mi nimum absorbance reading during the time of the run, 
the plots obtained at pH 7 were very noisy. (Traces not 
s h o w n . )
In nearly all cases the mainframe analysis yielded a 
2 component fit as the best fit and this is shown on the 
traces. In some cases, especially when the reaction was 
very slow, no analysis was possible using the Discrete 
program and in these cases the traces are shown without a 
best fit.
The schiff base hydrolysis reactions in figures 
4. 16-4.20 are in Ammonyx detergent at pH 4,5,6 and 7. The 
rapid formation of an intermediate, within the first 10 
seconds approximately, can be seen clearly in the traces 
recorded at pH 4 and 5 (f i g s .4.16-4.18). This is followed 
by a slower reaction as the intermediate decays to form 
the hydrolysis products. Representative traces are shown 
in the figures, and similar traces were obtained over the 
wavelength range covered.
The effect is very much less marked at pH 6 when the 
hydrolysis reaction is slower (fig.4.19), and at pH ( the 
intermediate formation is not apparent at all (fig.4.20). 
These traces are however s t i l 1 very w e l 1 represented by 
the 2 component mainframe fit. This suggests that there 
is again a two stage reaction occurring at high pH, but 
the intermediate formation is not so obvious on the 
stopped-flow traces because there is less intermediate
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FIGURE 4.16
Stopped-flow traces of schiff base hydrolysis reaction
in acetate buffer pH4/Ammonyx. Timing sequence is
arithmetic with DT=12.5msec and total time=411secs.
a. A=340nm
0-1 1 10 100 411 
t(secs)
b. A=370nm
0-1 1 10 100 411
f(secs)
FIGURE 4.16 (cont.)
c. A=460nm
•1 1 10 100
t(secs)
d . A=520nm
,sr
100
t (secs)
FIGURE 4.17
Stopped-flow traces of schiff base hydrolysis reaction
in acetate buffer pH4/Ammonyx. Timing sequence is
geometric with DT=0.25msec,N=16 and total time=420secs
a. A - 340 nm
'fa
b. A=370nm
c. A=480nm
...i.
0-001 0-01 0-1 1 10
r(secs)
100 420
FIGURE 4.18
Stopped-flow traces of schiff base hydrolysis reaction in
acetate buffer pH5/Ainmonyx. Timing sequence is arithmetic
with DT=12.5msec and total time=411secs.
a. A=340nm
4111000-1 1 10
t(secs)
b. A=370nm
0
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FIGURE 4.18 (cont.)
c. A=400nm
0-1 1 10 100 411
t(secs)
d. A=460nm
0-1 1 10 100 411
f(secs)
FIGURE 4.19
Stopped-flow traces of schiff base hydrolysis reaction in 
phosphate buffer pH6/Ammonyx.Timing sequence in (a) and
(b) is arithmetic with DT=12.5msec and total time=411secs 
and in (c) and (d) is geometric with DT=0.25msec, N=16 
and total time=420secs.
a . A=340nm
0-1 1 10
b. A=430nm
t(secs)
0-1 1 10 100 411
f(secs)
FIGURE 4.19 (cont.)
c. A=330nm
1 100-1 100 4200*001 0*01
t(secs)
d. A =410nm
nr’
100 4201010-10-001 0-01
t(secs)
FIGURE 4.20
Stopped-flow traces of schiff base hydrolysis reaction
in phosphate buffer pH7/Ammonyx. Timing sequence is
geometric with DT=75msec,N=32 and total time=612secs.
a. A=350nm
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present at these pH values.
These experiments in Emulphogene and Ammonyx showed 
that the intermediate formation is most apparent near the 
peak in the pH-rate curves i.e. near the pH value where 
the rate of reaction is greatest. Previous steady-state 
studies 49 have shown that in DTAB the maximum on the pH 
rate curve is at approximately pH 5.5 and so the 
hydrolysis reaction was studied at this pH (fig.4.21). 
Once again the formation and decay of an intermediate 
species is apparent during the hydrolysis of the schiff 
base. The intermediate is formed within app roximately 50 
seconds of mixing when DTAB is the detergent.
The traces in f i g s .4.22-4.24 show the change in 
absorbance when the hydrolysis reaction is studied in SDS 
detergent at pH 9,10 and 11 respectively. The maximum in 
the pH-rate curve when SDS is the detergent is around pH 
11. It can be seen from f i g s .4.22-4.24 that the 
intermediate formation occurs within approximately 50 
seconds at pH 10 and 11 and is less apparent at pH 9. 
Again the best fits obtained for a 2 component reaction 
are shown where possible and in all cases the results 
suggest that an intermediate is formed during schiff base 
hydro lysis.
4.4 Kinetic Results
The data obtained from the schiff base hydrolysis 
reactions studied using the stopped-flow apparatus were 
analysed on the mainframe computer using the Discrete 
program. The results obtained in most cases gave a best 
fit as two components, regardless of whether the 
detergent was Emulphogene, Ammonyx. DTAB or SDS. This 
analysis provides evidence that an intermediate species 
is formed during the hydrolysis reaction, so that the 
forward reaction is a two stage A ^B type reaction 
with rate constants Xi and Xa •
FIGURE 4.21
Stopped—flow traces of schiff base hydrolysis reaction in
acetate buffer pH5.5/DTAB. Timing sequence is arithmetic
with DT=12.5msec and total time=411secs.
a. A =350nm
- .
0*1 1 10 100 411
t(secs)
b. A=360nm
* •m 
si .
0-1 1 10
i     -..-_________I_
100 411
t(secs)
FIGURE 4.21 (cont.)
c. A=380nm
•••
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0-11 10 100 -  411
f(secs)
d. A=410nm
• »r
0-1 1 10 100 411
H-secs)
FIGURE 4.21 (cont.)
e. A  - 4 5 0 n m
f. A= 480nm
g . A=530nm
0-1 1 10 100 411
FIGURE 4.22
Stopped-flow traces of schiff base hydrolysis reaction
in borate buffer pH9/SDS.Timing sequence is arithmetic
with DT=12.5msec and total time=411secs.
a. A=370 nm
0*1 1 10 100 411
t(secs)
b. A=460nm
0-1 1 10 411
FIGURE 4.23
Stopped-flow traces of schiff base hydrolysis reaction
in borate buffer pHlO/SDS.Timing sequence is arithmetic
with DT=12.5msec and total time=411secs.
a. A=340nm
b. A=360nm
c. A=370nm
FIGURE 4.23 (cont.) 
d « A=3S0nm
e . A=420nm
f. A=460nm
o - iT ~  10 100 
f (secs)
411
FIGURE 4.24
Stopped-flow traces of schiff base hydrolysis reaction 
in borate buffer pHll/SDS.Timing sequence is arithmetic 
with DT=12.5msec and total time=411secs.
a- A=340nm
b* A=360nm
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c . A=380nm
FIGURE 4.24 (cont.)
d. A = 4 2 0 n m
e .  A=440nm
J 1----- L
f .  A=500nm
From the mainframe analysis, values of <Xo , Xl , ^  , Xi
and \ 2 are obtained for a two component fit, as discussed 
previously from equation 2.13.
A ( t ) s « o + « i  (exp-Xi t ) + c x 2 (exp-Xz t ) + .  . . . (2. 13)
Tables 4.1-4.4 show typical examples of the rate 
constants obtained in the hydrolysis reactions in 
Emulphogene, Ammonyx, DTAB and SDS respectively, and 
similar results were obtained at other pH values.
In table 4.1 it can be seen that there is a wide 
variation in values of \2 , especially at high and low 
wavelengths. This is probably due to the fact that the 
hydrolysis reaction in Emulphogene is slow and this will 
result in small absorbance changes during the reaction in 
the timescale covered. The results for X2 obtained from 
the stopped-flow experiments in Emulphogene are probably 
too high because the reaction does not go to completion 
in the time-scale of the experiments. Steady-state rate 
constants for the hydrolysis reaction in Emulphogene will 
be more accurate than X2 values. As with the formation 
reactions, values of rate constants obtained at 
wavelengths which are near to the isosbestic point(s) are 
sometimes anomalous.
Table 4.5 lists the average rate constants for the 
schiff base hydrolysis reactions at different pH values 
in the various detergents. These values were obtained by 
averaging the results of rate constants Xi and X2 for 
each reaction over every wavelength and different timing 
s e q u e n c e s .
Examination of results in tables 4.1-4.4 illustrates 
that in each of the detergents the value of rate constant 
Xi is much larger than that of X2 and the value of Xi 
with Ammonyx as detergent is much larger than with the
other detergents.
In table 4.5 Xi and X2 values for Emulphogene at pH 4 
and Xt value at pH 7 are omitted. At pH 4 the mainframe 
Discrete program would not analyse the data because, even 
when using a timescale with a long total time of 61^.
Table 4.1
Table showing values of rate constants obtained
during schiff base hydrolysis reaction in Emulphogene at
pH 6 during a geometric run.
Wave 1 e n g t h (n m ) Rate constant Rate constant
Xi (min"1 ) X2 (min"
340 1.894 0.882
350 1. 690 0. 554
370 1. 455 0. 264
380 1. 630 0. 101
390 0. 814 0. 291
420 1.331 0. 265
430 1.687 0. 122
440 1. 843 0. 117
450 1.697 0. 118
460 1.993 0. 110
470 1. 715 0. 106
480 1.500 0. 106
490 1.786 0. 089
Mean = 1.685 Mean = 0.140
S. D. = 0.188 S. D. = 0.066
(excluding 390nm in each case, and also 340nm and 350nm 
for \2 - see text)
Tab 1e 4.2
Table showing rate constants obtained during schiff
base hydrolysis reaction in Ammonyx at pH 4 during a
geometric run.
Wave 1 e n g t h (n m ) Rate constant Rate constant
Xt (min- 1 ) \ 2 (min~ 1 )
330 15.312 0.580
340 16.128 0. 501
350 18.324 0. 513
360 16.998 0. 627
370 14.766 0.658
380 10.008 0.737
390 13.692 0.713
400 10.452 0.895
410 24.030 0 . 281
420 19.908 0. 550
430 18.042 0.628
440 20.016 0.650
450 11.940 0.728
460 13.980 0.682
470 11.844 0 . 680
480 16.146 0 . 6 6 8
490 14.544 0. 670
500 17.976 0. 642
510 11.814 0.664
520 14.100 0.715
530 12.588 0.724
Mean = 14.929 Mean = 0.661
S.D. = 2.988 S.D. = 0.087
(excluding 410nm)
Table 4.3
Table showing rate constants obtained during schiff
base hydrolysis reaction in DTAB at pH 5.5 during an
ari thm etic run.
Wave 1e n g t h ( n m ) Rate constant Rate constant
Xi (min- 1 ) x2 (min" 1 )
330 4. 270 0.238
350 3.618 0. 145
360 3. 518 0. 134
370 3.547 0 . 126
380 3. 847 0. 135
390 3.924 0. 138
400 4.675 0 . 106
410 2.830 0 . 060
420 4.033 0. 287
430 7.068 0 . 2 1 0
440 5. 414 0.206
450 3.721 0 . 2 0 1
460 4.271 0 . 2 0 1
470 3.725 0. 196
480 3.822 0. 179
490 3.085 0. 184
530 4.781 0 . 2 0 1
Mean = 4.207 Mean = 0.180
S.D. = 0.951 S.D. = 0.047
(excluding 410nm)
Table 4.4
Table showing rate constants obtained during schiff
base hydrolysis reaction in SDS at pH 10 during an
a ri thm eti c run.
Wave 1ength(nm) Rate constant Rate constant
Xi (min- 1 ) X2 (mi n- 1
340 2 . 661 0.066
350 3. 035 0.037
360 0.691 0 . 1 2 2
390 7. 824 0. 134
400 5. 122 0 . 1 2 1
410 1.711 0.079
420 2. 792 0.063
430 3. 092 0. 052
450 0.884 0.213
460 1.427 0 . 182
470 0. 344 0. 171
480 2.704 0 . 160
Mean - 2.691 Mean = 0.117
S.D. = 2.086 S.D. = 0.057
Table 4.5
Table showing average rate constants for the schiff 
base hydrolysis reaction in Ammonyx, Emulphogene, DTAB 
and SDS detergents at different pH values.
pH Xi (min~ 1 ) X2 (min- 1 )
Ammonyx 4 14.598 (3.180) 0. 651 (0.082)
5 17.277 (6.828) 0. 890 (0.063)
6 13.412 (4.642) 0. 497 (0.047)
7 1. 129 (0.573) 0. 197 (0.042)
Emu 1phogene 4 - -
5 1.797 (0.576) 0. 094 (0.038)
6 1. 593 (0 .2 0 2 ) 0. 147 (0.071)
7 - 0. 176 (0.066)
DTAB 5.5 4. 126 (0.955) 0. 173 (0.045)
SDS 9 11.862 (1.882) 0. 134 (0.089)
1 0 2.691 (2.086) 0. 117 (0.057)
1 1 6.540 (0.438) 0. 130 (0.083)
(Figures in brackets are standard deviations.)
seconds, the reaction has hardly progressed during the 
data acquistion time. At pH 7, again the reaction is slow 
and although mainframe analysis was possible, the values
Xi obtained over the wavelength range were not very 
cons i s t e n t .
Comparison of the results in table 4 . 5  with those in 
table 4.6 shows that there is quite good agreement in the 
values of \ 2 obtained from the non-steady-state analysis 
and values of kh obtained from steady-state analysis. The 
values in table 4.6 were obtained from figure 1.17. As 
was previously mentioned, the steady-state values will be 
more accurate for Emulphogene because the complete 
reaction is not followed in the stopped-flow experiments. 
Values of Xi cannot be obtained by the steady-state 
m e t h o d .
The values of <x and' \ obtained from the mainframe 
analysis of the hydrolysis reactions can be used to 
construct spectra of retinal and the schiff base in a 
similar way to the formation reactions. In the hydrolysis 
reactions when t = 0, A = « o + «i+(X2 from equation 2.13. In 
this case it is the schiff base that is present at the 
start of reaction (when t=0) and so a plot of A versus 
wa velength will give the schiff base spectrum. At the end 
of reaction A = « 0 and a plot of « 0 values versus 
wave len gth should produce a spectrum of retinal which is 
the absorbing species present after hydrolysis has 
occur r e d .
Table 4.7 shows (x0 , , « 2 , Xi and X2 values for the
hydrolysis reaction in Ammonyx at pH 4, along with the
calculated values of A= <x0 + «i + «2 • Figure 4.25 shows the
spectra of retinal and schiff base obtained using these 
values. It can be seen that immediately after mixing with 
the buffer solution at pH 4, the majority of schiff base 
is in the protonated form with maximum absorbance around 
4 4 0 n m .
Tables 4.8 and 4.9 show « and X values for the
hydrolysis reaction in Ammonyx at pH 5 and pH 6
respectively, and figures 4.26,4.27 the spectra of 
retinal and schiff base created from these values. At pH 
5 the schiff base is mostly in the unprotonated form with
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Table 4.6
Table showing steady-state r-^te constants for the 
schiff base hydrolysis reaction in Ammonyx, Emulphogene, 
DTAB and SDS detergents at different pH values.
log kh ( sec’ 1 )
Detergent pH from steady- kh (min- 1 )
state anal. from steady— state
(approx values) analysis
Ammonyx 4.22 -2.2 0.379
5.04 -1.9 0.755
6.23 -2.1 0.477
7.17 -2.5 0.190
Emulph oge ne 4.12 -3.5 0.019
5.09 -3.3 0.030
6.26 -3.5 0.019
7.23 -3.7 0.012
DTAB 5.65 -2.4 0.239
SDS 9.01
10.05
10.65
-3.6
- 2.8
-2.7
0.015 
0.095 
0. 120
Table 4.7
Values of <x<> , <Xi and # 2
mainframe analysis of schi
Ammonyx at pH 4.
Wave 1 ength ( nm) «<>
330 0.1955 0
340 0.2230 0
350 0.2768 0
360 0.3338 0
370 0.3929 0
380 0.4208 0
390 0.4170 0
410 0.3145 - 0
420 0.2400 - 0
430 0.1673 - 0
440 0 . 1 1 2 2 - 0
450 0.0726 - 0
460 0.0419 - 0
470 0.0243 - 0
480 0.0206 - 0
490 0.0148 - 0
500 0.0184 - 0
510 0.0176 - 0
520 0.0197 - 0
530 0.0161 - 0
from 2  component fit in 
f base hydrolysis reaction in
«i « 2 A = « 0 +<Xi
0175 -0.0189 0.1941
0239 -0.0392 - 0.2077
0270 -0.0559 0.2479
0312 -0.0896 0.2754
0290 -0.1315 0.2904
0267 -0.1509 0.2966
0137 -0.1293 0.3014
0104 0.0410 0.3451
0096 0.1350 0.3654
0165 0.2160 0.3668
0251 0.2732 0.3603
0337 0.2906 0.3295
0336 0.2818 0.2901
0340 0.2533 0.2436
0335 0.2007 0.1878
0 1 1 2 0.1395 0.1431
0 2 2 0 0.1026 0.0990
0184 0.0723 0.0715
0150 0.0447 0.0494
0090 0.0304 0.0375
FIGURE 4.25
Reconstructed spectra of retinal and schiff base using 
0(o i °4 and 0(r values in Table 4.7.
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Table 4.8
Values of <x0 > cu and <x2 from 2 component fit in
mainframe analysis of schiff base hydrolysis reaction in
Ammonyx at pH 5.
m g t h  (nm) <Xo <Xi « 2 A = <Xo +<Xi +
330 0.1839 0.0063 0.0615 0.2517
340 0.2123 0.0128 0.0765 0.3016
350 0.2595 0.0152 0.0777 0.3524
360 0.3130 0.0136 0.0461 0.3727
380 0.3804 0.0108 -0.0661 0.3251
390 0.3885 -0.0084 -0.1096 0.2705
400 0.3497 -0.0051 -0.1171 0.2275
410 0.2822 -0.0074 -0.0804 0.1944
420 0.2029 -0.0089 -0.0152 0.1788
430 0.1487 -0.0130 0.0460 0.1817
440 0.0989 -0.0174 0.0903 0.1718
450 0.0577 -0.0171 0.1092 0.1498
460 0.0351 -0.0177 0.1145 0.1319
470 0.0293 -0.0160 0.1042 0.1175
480 0.0235 -0.0165 0.0834 0.0904
490 0.0174 -0.0118 0.0608 0.0664
500 0.0203 -0.0116 0.0438 0.0525
510 0.0181 -0.0078 0.0308 0.0411
520 0.0117 -0.0079 0.0197 0.0235
530 0.0159 -0.0064 0.0117 0 . 0 2 1 2
T a b 1e 4.9
Values of «o > 1X1 and <x2 from 2 component fit in
mainframe analysis of schiff base hydrolysis reaction in
Ammonyx at pH 6.
;ng th (n m ) «o «1 « 2 A = <Xo +<X i + « :
330 0.1544 -0.0033 0.1090 0.2601
340 0.1823 0.0043 0.1484 0.3350
350 0.2281 0.0044 0.1534 0.3859
360 0.2697 -0.0060 0.1258 0.3895
370 0.3171 -0.0055 0.0747 0.3863
380 0.3465 0.0264 -0.0464 0.3265
390 0.3280 0.0188 -0.1188 0.2280
400 0.2944 0.0077 -0.1426 0.1595
410 0.2452 -0.0014 -0.1342 0.1096
420 0.1852 -0.0040 -0.1029 0.0783
430 0.1250 -0.0057 -0.0571 0.0622
440 0.0842 -0.0045 -0.0237 0.0559
450 0.0572 -0.0053 -0.0050 0.0469
460 0.0247 -0.0030 0.0150 0,. 0367
470 0 . 0 2 2 2 -0.0027 0.0157 0.0352
490 0 . 0 2 1 2 -0.0025 0.0115 0.0302
FIGURE 4.26
Reconstructed spectra of retinal and schiff base using 
(Xq / and values in Table 4.8.
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Reconstructed spectra of retinal and schiff base using 
CX0 / an^ C<2. values in Table 4.9.
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max i mum absorbance at around 3 6  0  n m , with a smal 1 e r
proportion in the protonated form (fig.4.26). At pH 6  the
schiff base immediately after mixing is in the 
unproto nat ed form (fig.4.27) and results from the
hydrolysis reaction at pH 7 give very similar spectra to
those at pH 6  (spectra not shown).
The spectra of the schiff base constructed in figs.
4.25-4.27 are from data where t is very s m a l 1 indeed 
(i.e. immediately after mixing) and from these spectra it 
is obvious that the protonation of the schiff base has 
already occurred and is an extremely fast reaction 
compared to the hydrolysis reaction. Once again, from 
these constructed spectra, it can be estimated that the 
pK« value of the schiff base in Ammonyx is between values 
of 4 and 5.
Similar retinal and schiff base spectra can be 
constructed using the results in Emulphogene, DTAB or SDS 
deter g e n t s .
4.5 General Base Catalysis of the Hydrolysis Reaction
General base catalysis of the hydrolysis reaction in 
Ammonyx detergent was studied at pH 4,5 and 6  using 
final buffer concentrations (after 1 : 1  mixing with the 
schiff base) of 0.01M, 0.05M, 0 . 1M and 0.2M (see section 
4.1). Higher buffer concentrations could not be used 
because of solubility problems with the detergents. The 
base catalysis was studied on the stopped-flow apparatus 
and results were confirmed using the UV spectrometer. The 
pH was recorded at the end of each run and was within 0.1 
pH units for each buffer series at any pH. The 
temperature during the experiments remained constant at 
20° C.
At pH 4 and 5 stopped-flow traces were recorded in 
d u p 1icate at 380nm, 440nm and 460nm and for pH 6  at
340nm, 360nm and 400nm in duplicate, for all buffer
concentrations. In each case the timing sequence used was 
geometric with DT=75msec, N=32 and total time - 612secs. 
The results were analysed using the Discrete program and 
for nearly all the experiments the best fit was one of 2
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c o m p o n e n t s .
The average value of Xi and \ 2 at 380nm, 440nm and 
460nm at each of the buffer concentrations at pH 4 are 
shown in table 4.10, and at pH 5 in table 4.11. The 
average values of and \2 at 340nm, 360nm and 400nm at 
each buffer concentration at pH 6  are shown in table 
4.12. (Some results at pH 6  were not very reproducible 
and have therefore been omitted.)
Table 4.13 shows the average values of and X2 for 
the reactions in Ammonyx at pH 4, 5 and 6  for each of the 
buffer concentrations.
Figures 4.28 and 4.29 show the results in table 4.13 
in graphical form. Figure 4.28 is a plot of Xi (min- 1 ) 
versus buffer concentration at pH 4,5 and 6  and figure 
4.29 is a plot of \2 (min- 1 ) versus buffer concentration 
at the same pH values. These results would suggest that 
there is very little general base catalysis in Ammonyx, 
compared to the previously determined effect in 
E m u l p h o g e n e 4 9 . The value of Xi increases to some extent 
at pH 4 and 5 and less so at pH 6 , as the buffer 
concent rat ion is increased. The value of X2 increases at 
pH 5 and 6  and decreases at pH 4 as the buffer 
co nce ntration increases, but there is not really a marked 
change in the value of X2 rate constant and so buffer 
catalysis was considered negligible when Ammonyx was used 
as detergent.
4 . 6  De termination of pK. Value of Schiff Base in Aqueous
Detergent Micelles
The pK. value of the schiff base was determined in 
three detergent solutions namely Emulphogene, Ammonyx and 
DTAB by pH-jump experiments of the schiff base over the 
pH range 1-9. Schiff base protonation, prior to 
hydrolysis, was studied using the stopped-flow apparatus 
with a linear timing sequence where DT = 40msec and total 
time = 10.2sec. The actual absorbance values from the 
linear run were printed out and the average absorbance 
over the first four to six readings was calculated to 
give a value of absorbance at time zero. (The first four
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Tab 1e 4.10
Table showing rate constants obtained for schiff base
hy drolysis reaction in Ammonyx at pH 4 with different
buffer concentrations.
Buffer Wave 1ength Xi \ 2
m c e n t r a t i o n (n m ) (min - 1 ) (min - 2 )
(mo 1a r )
0 . 0 1 380 7.674 (1.452) 0. 623 (0.032)
440 7. 305 (0.894) 0. 619 (0.018)
460 2 . 008 (0.417) 0. 997 (0.136)
0. 05 380 8 . 544 (0.252) 0. 667 (0.007)
440 9. 120 (0.690) 0. 729 (0 . 1 2 1 )
460 5. 247 (0.191) 0. 817 (0.125)
0 . 1 0 380 12.618 (1.128) 0. 604 (0.007)
440 10.281 (1.336) 0 . 628 (0.015)
460 10.728 (0.162) 0. 641 (0.003)
0 . 2 0 380 14.796 (1.548) 0. 597 (0 .0 2 2 )
440 12.381 (1.428) 0. 551 (0.007)
460 15.012 (1.968) 0. 569 (0.004)
(Standard deviations are given in brackets.)
Tab 1e 4.11
Table showing rate constants obtained for schiff base
hy drolysis reaction in Ammonyx at pH 5 with different
buffer concentrations.
Buffer Wavelength
c oncen tr at ion (nm)
(mo 1a r )
0 . 0 1 380 7.092 (0.288) 0 . 680 (0.017)
440 14.202 (0.498) 0. 408 (0.065)
460 7.971 (0.162) 0.655 (0.026)
0.05 380 10.143 (0 .6 6 6 ) 0.764 (0.031)
440 12.915 (0.264) 0. 697 (0.007)
460 11.079 (1.104) 0.755 (0 .0 0 0 )
0 . 1 0 380 11.859 (0.156) 0. 834 (0.015)
440 15.729 (0.606) 0.723 (0 .0 0 1 )
460 14.226 (0.042) 0. 761 (0.004)
0 . 2 0 380 18.738 (3.408) 0.794 (0 .0 2 2 )
440 20.439 (0.066) 0.721 (0.003)
460 17.946 (1.014) 0. 761 (0 .0 0 2 )
(min- 1 )
X2
(rain* 2 )
(Standard deviations are given in brackets.)
TabIe 4.12
Table showing rate constants obtained for schiff base
hyd rolysis reaction in Ammonyx at pH 6 with different
buffer concentrations.
Buffer Wavelength \2
c o n c e nt ration  (nm) (min- 1 ) (min- 2 )
(mo 1 a r )
0.01 340
360 5. 781 (1.167) 0. 373 (0.009)
400 - 0. 458 (0.028)
0. 05 340 6 . 636 (0.906) 0. 475 (0.006)
360 8 . 172 (2.394) 0. 462 (0.032)
400 10.476 (1.242) 0.576 (0 .0 2 1 )
0 . 1 0 340 7.800 (2.106) 0.523 (0 .0 0 1 )
360 6 . 492 (0.138) 0. 543 (0 .0 0 1 )
400 7. 938 (0.282) 0. 655 (0.003)
0 . 2 0 340 8 . 406 (2.454) 0. 590 (0.007)
360 9. 834 (1.530) 0. 571 (0.004)
400 9. 762 (1.542) 0. 689 (0.026)
(Standard deviations are given in brackets.)
Tab 1e 4.13
Table showing average rate constants obtained for
schiff base hydrolysis reaction in Ammonyx at pH 4, 5 and
6 with dif ferent buffer concentrations.
Final pH Buffer Xi(min"1 ) XrCmin' 1 )
reading concentration 
(mo 1 a r )
4. 30 0 . 0 1 5. 664 (2.940) 0. 746 (0.204)
4. 36 0.05 7. 638 (1.908) 0. 737 (0.103)
4.33 0 . 1 0 11.208 (1.356) 0. 625 (0.019)
4. 33 0 . 2 0 14.064 (1.836) 0. 572 (0.023)
5. 13 0 . 0 1 9. 756 (3.474) 0. 580 (0.140)
5.07 0. 05 11.376 (1.392) 0. 738 (0.035)
5.04 0 . 1 0 13.938 (1.764) 0. 773 (0.051)
5. 04 0 . 2 0 19.038 (1.956) 0. 758 (0.034)
6 . 14 0 . 0 1 5. 781 (1.167) 0. 416 (0.052)
6 . 16 0. 05 8 . 430 (2.148) 0. 504 (0.058)
6 . 18 0 . 1 0 7. 404 (1.194) 0. 574 (0.063)
6 . 2 0 0 . 2 0 9. 336 (1.632) 0. 617 (0.058)
(Standard deviations are given in brackets.)
FIGURE 4.28
Graph of X, (min.*-1) versus buffer concentration (M) for 
schiff base hydrolysis reaction in Ammonyx at pH 4,5 and 6.
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to six readings at this timing sequence cover a time of 
0 . 1 — 0. seconds.) The traces were recorded at every pH in 
duplicate at 3ci0nm and 440 n m for each detergent. A range 
of buffers covering pH values of 1 to 9 were used at 0.2M 
in each case, and the pH was recorded at the end of the 
reaction after the 1 : 1  mixing of the schiff base with 
detergent buffer solution. The traces were recorded at 
360nm and 4 4 0 n m as these are the peaks in the absorbance 
spectra of the unprotonated and protonated schiff bases 
respect i v e 1 y .
Table 4.14 lists the average absorbance values (t=0) 
at 360nm and 440nm over the pH range 1-9, calculated from 
the results of the pH-jump in Emulphogene. Figure 4.30 
shows a plot of the average absorbance values at time = 0  
secs for 360nm and 440nm versus pH of reaction for the 
pH-jump in Emulphogene. Examination of figure 4.30 shows 
that the pK« value is approximately equal to 6  when 
Emulphogene is detergent. However the pK. value can be 
calculated more accurately than this, as shown below.
The protonation of the schiff base can be represented 
by equation 4.1 where S = the unprotonated schiff base 
and SH* the protonated schiff base.
S + H + ^  SH+ (4.1)
The situation is however complicated by the fact that 
the reaction is occurring in detergent micelle solution.
If the acid dissociation constant of the schiff base is 
defined as:
K aH = C S ]aH /SH+ (4.2)
where aH is the hydrogen ion activity in the micelle, 
then by taking logarithms it can be shown that:
log C S ]/[SH+ 3 = log K9 h -log aH
= -pK 3 h + pan (4.3)
A plot of log [S ]/C SH+ ] versus paH should give a
straight line with slope equal to unity and intercept
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Tab 1e 4.14
Table of average values of absorbance (t=G) at
and 440nm and pH values for schiff base hydrolysis
reaction in Emulphog e n e .
Buffer pH Final pH Average Average
at end of absorbance absorbance
react i on at 360nm at 440nm
(t= 0 s e c s ) (t= 0 s e c s )
1 . 0 1. 40 0.1203 0.3941
2 . 0 1.97 0.1019 0.3630
2.5 2.90 0.1015 0.3965
3.0 3.26 0.1016 0.3990
3.5 3.70 0.1064 0.4025 -
3.75 3.94 0.1054 0.3985
4. 0 4.27 0.1073 0.3957
4.25 4. 48 0.1080 0.3875
4. 5 4.70 0.1055 0.3832
4.75 4. 94 0.1270 0.3762
5.0 5. 19 0.1385 0.3536
5. 25 5. 48 0.1599 0.3168
5.5 5. 85 0.2149 0.2629
5. 75 6 . 14 0.2999 0.1674
6 . 0 6 . 32 0.3215 0.1399
6.5 6.78 0.3767 0.0693
7.0 7.28 0.4104 0.0340
8 . 0 8 . 9 0.4320 0.0093
9.0 9.23 0.4331 0.0095
Butylaraine 10.84 0.4347 0.0091
FIGURE 4.30
pH titration curve for N-retinylidene n-butylamine schif 
base in Emulphogene detergent.
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with the y-axis equal to -pKa H , where pKaH is the 
u npe rturbed  pK. of the schiff base*
The micellar hydrogen ion activity (aM ) is not 
directly measurable, but can be related empirically to 
the measured pH value by using equation 4.4:
paH = -p* + n.pH (4.4)
where p*» and n are factors representing any pH shift or 
non-ideal behaviour due to the reaction taking place in a 
micellar detergent solution, n might be naively
interpreted as the number of protons involved in the
protonation of the schiff base (equation 4 . 1 ) and has a
value of unity for ideal titration behaviour. The value
of P 0  has arbit raril y been taken as equal to zero for the 
neutral det ergent Emulphogene, so that pKa h = 6.1 on 
average (from table 4.20).
Taking into account this non-ideal titration 
behaviour which occurs in the detergent micelles, 
equation 4.3 becomes:
log CSH*]/CS] = pKa h + p - n.pH (4.5)
so that a plot of log [SH*3/[S3 versus pH would give a 
line with slope = -n and intercept on the pH axis showing 
the mid -point (pH.t d ) of the schiff base titration in the 
micellar environment. The mid-point pH of the titration 
is given by equation 4.6:
pH, t d = (pKa h + P 0 )/n (4.6)
from which p* may be obtained.
Using the results in table 4.14 and figure 4.30, a 
plot can be drawn for Emulphogene detergent if the ratio 
C SH + ]/ C S ] is available at each wavelength. The ratio can 
be obtained using equation 4.7;
C SH* 3 / C S 3 = (Ah - A)/ (A -Au ) (4.7)
where A H and AL are the absorbance readings at high and
60
low pH respectively, where the pH titration curve has 
f 1attened out, and A is the absorbance reading at the pH 
value of reaction. A plot of log10 (AH - A )/(A -A L ) versus 
pH should therefore give a straight line. Table 4.15 
shows the results of log10 (AH -A )/(A-AL ) at 360nm and 
440nm for Emulphogene and similar results for Ammonyx are 
shown in tables 4.16,4.17, figure 4.31 and for DTAB in 
tables 4.18, 4.19 and figure 4.32.
These results were combined with similar titration 
experiments carried out on an u 1tra-vio Iet/ v i s i b 1e 
s p e c t r o m e t e r 4 9 and analysis of the results produced the 
values of p H,i d » n and pjj in table 4.20 and the plots in 
f i gure 4.33.
It is obvious from these results that the different 
environments created by using different aqueous detergent 
micelle systems has affected the protonation behaviour of 
the retinal schiff base. The pK« value of the schiff base 
varies dep ending on detergent, and the value of n (the 
number of protons involved in the protonation of the 
schiff base) also varies depending on detergent.It is 
interesting to note that in Ammonyx and DTAB the value of 
n is fractional, equal to 0.77, and in Emulphogene the 
value of n is equal to unity. This will be considered in 
more detail later.
4.7 Low Temperature Ultra-Violet Spectroscopy
The schiff base hydrolysis reaction was studied in 
Ammonyx at pH 4,5 and 6 at a temperature of approximately 
3° C (instead of 20°C) in order to examine the effect of 
decreasing the temperature on the rate of hydrolysis. If 
both the rates of intermediate formation and decay (rate 
constants \t and \2 ) are affected by the decrease in 
temperature then it may be possible to detect the 
intermediate species using u 1t r a - v i o 1et /v i s i b 1e 
spectroscopy. The problem at 20°C in using UV/visible 
spectroscopy was that in the time taken to mix solutions 
manually, any very fast reactions were missed. If the 
rate of the fast reaction can be decreased by lowering 
the temperature then the intermediate species may be
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Tab 1e 4.15
Table listing values of logio (AH -A) / (A- AL
for 360nm and 440nm in Emulphogene.
(Ah -A) (Ah -A)
pH logio _____ logio _____
(A-A l ) (A-Au)
at 360nm at 440nm
1.40 1.224 1.815
1.97 2.921 0.981
2.90 - 2.044
3.26 3.523 2.591
3.70 1.826 2.197
3.94 1.927 2.414
4.27 1.752 1.954
4.48 1.702 1.481
4.70 1.916 1.348
4.94 1.082 1.188
5.19 0.904 0.871
5.48 0.673 0.568
5.85 0.288 0.268
6.14 -0.167 -0.167
6.32 -0.287 -0.298
6.78 -0.674 -0.739
7.28 -1.099 -1.116
8.9 -2.042 -3.115
9.23 -2.242 -2.893
10.84 -3.046 -3.592
) and pH
Tab 1 e 4.16
Table of average values of absorbance (t=0) at 360nm
and 440nm and pH values for schiff base hydrolysis
reaction in Ammonyx.
Buffer pH Final pH 
at end of 
react i on
Average 
absorbance 
at 360nm 
(t = O s e c s )
Average 
absorbance 
at 440nm 
(t = O s e c s )
1.0
2.5
3.0
3.5
3.75 
4. 0
4. 25
4.5
4.75
5.0 
5.25
5.5
5. 75
6.0
6.5
7.0
8.0 
9.0
1. 20 
3. 13 
3. 36
3. 80
4. 11 
4. 34
4. 54 
4.75 
4.97 
5.31
5. 65 
6.07
6. 16 
6.30 
6.70 
7.21 
8. 86 
8.74
Butylamine 10.62
0.0796 
0.0931 
0.1041 
0.1142 
0.1298 
0.2041 
0.2103 
0.2314 
0.2584 
0.2933 
0.3284 
0.3645 
0.3786 
0.3706 
0.3910 
0.3952 
0.4045 
0.4088 
0.3922
0.4148 
0.3997 
0.4073 
0.3801 
0.3486 
0.2540 
0.2498 
0.2252 
0.1870 
0.1437 
0.0941 
0.0549 
0.0431 
0.0339 
0.0216
Tab 1e 4.17
Table listing values of log10 (AH - A)/(A- A u > and pH
for 360nm and 440nm in Ammonyx.
(Ah -A) (Ah -A)
pH logio _____ logl0 _____
(A-Au ) (A-AL )
at 360nm at 440nm
i. 20 
3. 13 
3. 36
3. 80
4. 11 
4. 34 
4. 54 
4.75
4. 97 
5.31
5. 65
6. 07 
6. 16 
6.30 
6.70 
7.21 
8 . 86
10. 62
2.212 
1.319 
1. 065 
0.909 
0.725 
0.205 
0. 172 
0.058 
-0.085 
-0.279 
-0.506 
-0.833 
-1.047 
-0.923 
-1.319 
-1.460 
- 2.212 
-1.351
1. 413 
1.694 
1.022 
0.708 
0. 177 
0. 159 
0.050 
-0.115 
-0.312 
-0.593 
-0.923 
-1.079 
-1.238 
-1.594
FIGURE 4.31
pH titration curve for N-retinylidene n-butylamine schiff 
base in Ammonyx detergent.
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Tab 1e 4.18
Table of average values of absorbance (t=0) at 360nm 
and 440nm and pH values for schiff base hydrolysis 
reaction in DTAB.
Buffer pH Final pH 
at end of 
react i on
Average 
absorbance 
at 360nm 
(t = O s e c s )
Average 
absorbance 
at 440nm 
(t = O s e c s )
1.0 1. 37 0.0807 0.4271
2. 0 1.95 0.0742 0.4170
2.5 2. 87 0.0788 0.4066
3.0 3.21 0.0812 0.4149
3.5 3.65 0.0814 0.3984
3.75 3.90 0.0855 0.4017
4.0 4. 20 0.1008 0.3909
4.25 4. 44 0.1072 0.3795
4.5 4.68 0.1151 0.3644
4.75 4.91 0.1318 0.3439
5.0 5.20 0.1541 0.3297
5.25 5.50 0.1838 0.2898
5.5 5. 88 0.2373 0.2273
5. 75 6. 11 0.3169 0.1440
6.0 6. 32 0.3374 0.1267
6.5 6. 76 0.3760 0.0689
7.0 7. 28 0.4051 0.0359
8.0 9.67 0.4231 0.0086
9.0 9. 12 0.4342 0.0076
B u t y 1 amine 10.98 0.4347 0.0087
Tab 1e 4.19
Table listing values of log10 (AM -A) /(A-Ac ) and pH
for 360nm and 440nm in DTAB.
(Ah -A) (A„-A)
pH logio _____ logio _____
(A-Al ) (A-Al )
at 360nm at 440nm
1. 37
1. 95
2. 87
3. 21
3. 65 
3.90
4. 20 
4. 44 
4.68
4. 91 
5.20
5. 50
5. 88
6 . 11 
6. 32
6. 76
7. 28 
9.67 
9. 12
10. 98
1.723 
3.256 
1.870 
1.691 
1.679 
1. 483 
1.096 
0.994 
0.891 
0. 720 
0.545 
0. 359 
0. 083 
-0.313 
-0.431 
-0.709 
-1.044 
-1.467 
-2.653 
-3.080
1.834 
1.386 
1.701 
1.201 
1.267 
1.077 
0.931 
0.784 
0.628 
0. 538 
0.325 
0.049 
-0.312 
-0.397 
-0.764 
-1.142 
-2.839 
-3.016 
-2.772
FIGURE 4.32
pH titration curve for N-retinylidene n-butylamine schiff 
base in DTAB detergent.
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Table 4.20
Results obtained from pH-titrations of N-reti nyliden e 
n-b utyla mi ne  in Ammonyx, Emulphogene, DTAB and SDS.
Ammonyx Emulphogene DTAB SDS
pH. i d 4.85 6.1 5.84 9.54
n 0.77 1.0 0.77 1.1
P0 -2.37 0 -1.6 4.4
Table 4.21
Table showing values of absorbance at 392nm and 
460nm, and time for the schiff base hydrolysis reaction 
in Ammonyx, pH 4 at 3°C.
Time(mins) Absorbance Absorbance
(392nm) (460nm)
0 0.251 0.240
3 0.279 0.183
6 0.299 0.144
9 0.315 0.114
12 0.324 0.092
16 0.333 0.072
20 0.341 0.058
26 0.347 0.046
34 0.351 0.038
44 0.353 0.032
75 0.355 0.030
F I G U R E  4 . 3 3
pH titrations of N-retinylidene n-butylamine in Ammonyx(A), 
Emulphogene(E ),DTAB(D) and SDS(S ).
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Two methods of sample preparation were used to study 
the hydrolysis at low temperature (section 4.1). For the 
1:1 mixing method (a), equal volumes (1.8 ml) of schiff 
base / detergent and b u f f e r /deter gent solutions were 
pipetted into two test tubes and cooled to 3° C in the 
the rmo statted  cell holders attached to the UV 
spectrometer. These solutions were mixed into a cuvette 
to start the hydrolysis reaction, and on mixing there was 
a slight increase in temperature of approximately 0.5°C.
In method (b) to try to avoid this increase in 
temperature a larger volume (3.5ml) of bu ffer/ detergent  
solution was cooled in the spectrometer and 0.1ml of a 
concentrated schiff base solution in ethanol, 
equilibrate d to 3° C, was added to the buffer. 
Unfortu na tely once again there was a slight increase in 
temperature and as there was no way to avoid this, 
methods (a) and (b) were used to mix the reactants. In 
each case the water bath for the UV/visible spectrometer 
was contin ually replenished with ice and the temperature 
in the cuvette was checked regularly before every 
spectrum was recorded (approximately every 3 minutes) so 
that the temperature remained near to 3°C throughout the 
reactions. The cell compartment in the spectrometer was 
flushed with argon throughout the experiments to stop the 
formation of condensation on the cuvette. The pH of the 
hydrolysis products was recorded at the end of each 
experiment and this was taken as the pH of reaction.
The UV/visible spectra of the reactions were recorded 
the same way as previously, with consecutive spectra 
superimposed on each other, and spectra at pH 4.25, 5.18
and 6.33 are shown in figures 4.34-4.36 respectively. 
These spectra were recorded after 1:1 mixing of the 
schiff base and buffer solutions (method a) and very 
similar spectra were obtained for method (b) (spectra not 
shown). Comparison of figures 4.34-4.36 with figures 
4.5-4.7 shows that the hydrolysis reaction takes place 
much more slowly at 3°C than at 20°C.
Analysis of the spectra recorded at 3° C involved 
reading off the absorbance values for different times at
FIGURE 4.34
UV/visible spectrum of schiff base hydrolysis reaction in
Ammonyx pH 4.25 at 3° C .
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FIGURE 4.35
UV/visible spectrum of schiff base hydrolysis reaction in 
Ammonyx, pH 5.18 at 3°C.
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FIGURE 4.36
UV/visible spectrum of schiff base hydrolysis reaction in
Ammonyx, pH 6.33 at 3°C.
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a fixed wave 1ength from the ultr a-violet/ visible spectra 
and using these absorbance and time values in the Apple 
and mainframe computer programs. The Discrete program was 
adapted so that it would accept a s m a l 1 number of 
abso rba nce and time readings instead of the 256 readings 
norma lly  used from the stopped-flow experiments. At pH 4 
and 5 ab sorbance readings were taken at 392nm and 460nm 
and at pH 6 readings were taken at 360nm and 400nm. These 
values were chosen because there is a large change in 
abs orb ance with time at these wavelengths. The values of 
ab sor bance and time for the hydrolysis reactions at pH
4,5 and 6 are given in tables 4.21-4.23 and the final pH 
readings after 1:1 mixing were 4.25, 5.18 and 6.33. These 
results are from the 1:1 mixing method, but values from 
the dilutio n method (method b) were also analysed in a 
s i m i 1ar way.
The results from method (a) gave a 2 component fit as 
the best fit for data at pH 4 (392nm) and at pH 6 (360nm 
and 400nm) and a 1 component fit as best fit at pH 4 
(460nm) and pH 5 (392nm and 4 6 0 n m ) . The results from 
method (b) gave a 1 component fit as the best fit at pH 4 
(392nm, 460nm), pH 5 (392nm, 460nm) and pH 6 (360nm) and
a 2 component fit at pH 6 (400nm). Overall the
r ep ro ducibility  of the results from the analysis is not 
very good and this is very probably due to the small 
number of data points available for analysis.
In the analyses where the 1 component was given as 
the best fit, the 2 component fit was given as the second 
best fit and these results are included in table 4.24 
which shows values of \i and X2 at pH 4, 5 and 6 obtained
from analysis of results of method (a) and method (b).
It is obvious that lowering the temperature has had a 
marked effect on the o v e r a l 1 reaction rate just by 
examination of the total reaction times at 3° C compared 
to 20° C . It is also interesting to note that the first 
spectrum recorded in fig.4.34 does not appear to pass 
through the isosbestic point which suggests there could 
be intermediate formation at this stage, however in 
f i gs.4.35,4.36 this effect is not seen.
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Table 4.22
Table showing values of absorbance at 392nm and
460nm, and time for the schiff base hydrolysis reaction
in Ammonyx, pH 5 at 3°C.
Time(mins) Absorbance Absorbance
(3 9 2 n m ) (460nm)
0 0.262 0.140
3 0.297 0.097
6 0.319 0.068
9 0.329 0.052
12 0.338 0.042
16 0.344 0.033
23 0.349 0.028
31 0.350 0.025
Table 4.23
Table showing values of absorbance at 360nm and 
400nm, and time for the schiff base hydrolysis reaction 
in Ammonyx, pH 6 at 3°C.
TimeCmins) Absorbance Absorbance
(3 6 0 n m ) (400nm)
0 0.373 0. 227
3 0. 331 0.267
6 0. 309 0. 289
9 0.292 0. 305
14 0. 279 0. 320
20 0. 269 0. 329
30 0. 265 0. 334
50 0. 260 0. 338
Table 4.24
Table showing rate constants ( Xi and X2 ) for the
schiff base hydrolysis reaction in Ammonyx at pH 4, 5
6 at 3° C .
PH \i X2
(min- 1 ) (min- 1 )
Method (a) 4.25 0.155 0.085
5.18 0.227 0.096
6.33 0.231 0.105
Method (b) 3.99 0.109 0.061
4.98 0.224 0.117
6.07 0.215 0.076
Combined results 4 0.132 (0.033) 0.073 (0.017)
of Methods (a) 5 0.226 (0.069) 0.103 (0.045)
and (b) 6 0.223 (0.011) 0.095 (0.022)
and
(Figures in brackets are standard deviations.)
The combined results for methods (a) and (b) are 
included in table 4.24 and comparison of these with 
results at 2 0 ° C in table 4.5 shows that the values of \t
and \2 are much s m a l 1er at 3°C, as would be expected.
4. 8 The Effect of Deuterium Oxide on Schiff Base
Hy drolysis Rate
U 1t r a - v i o 1e t / v i s i b 1e spectroscopy and stopped-flow 
spectros cop y were used to study the effect of deuterium 
oxide on the schiff base hydrolysis rate. The schiff base 
was made up in A m m on yx/D2 0 solution and was mixed 1:1 
with 0.2M acetate buffer pD 4/Ammonyx, D2 0 solution.
(The measurement of pD was made following the procedure 
described in chapter 2.) The pD was measured at the end 
of the hydrolysis reaction and this was taken as the pD 
of reaction (pD = 4.01).
The UV/visi ble spectrum of the hydrolysis reaction in
deuter i urn oxide is shown in figure 4.37. Compar i son of
this spectrum with that in figure 4.5 shows that the 
hydrolysis reaction with D20 as solvent is significan tly 
slower than the hydrolysis reaction under identical 
conditions with water as solvent.
The stopped-flow traces were recorded at 20°C using 
an ar it hmetic time scale with DT = 12.5msec and total 
time of 411 seconds. The traces were recorded in 
duplicate at 340nm, 370nm, 400nm, 460nm and 490nm.
In addition to this, traces were recorded at 340nm 
and 460nm using a geometric timescale with DT = 75msec, 
N=32 and total time = 612sec to check the values of rate 
constants obtained from a longer run as the reaction is 
quite slow. Figures 4.38 (a-f) show the traces recorded 
for the arithmetic timescale and there is obviously still 
some intermediate formation during the first ten to 
twenty seconds approximately. Comparison of these traces 
with figures 4. 16 (a — d ) however shows that the effect in 
deuterium oxide is much less marked than the effect in 
water under identical conditions and with the same timing 
s e q u e n c e .
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FIGURE 4.37
UV/visible spectrum of schiff base hydrolysis reaction in
Ammonyx at pD 4.01.
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FIGURE 4.38
Stopped-flow traces of schiff base hydrolysis reaction in
Ammonyx at pD 4.Timing sequence is arithmetic with
DT=12.5msec and total time=411secs.
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Analysis of the results of absorbance and time using 
the Discrete program gave 2 components as the best fit in 
nearly all cases and this best fit is shown on the traces 
at each wavelength. The values of Xi and X2 obtained from 
the analysis of the arithmetic runs were averaged at each 
wa ve length and the results are given in table 4.25 along 
with the results for the geometric runs at 340nm and 
460nm. The average of these results give values of \i = 
6.821 m i n * 1 and \2 = 0.121 m i n ' 1 . Comparison of the
results at pD 4 with results at pH 4 (table 4.5) which 
are Xi = 14.598 m in -1 and X2 = 0.651 min" 1 shows that 
there is a solvent isotope effect when deu terium oxide is 
used in place of water. The isotope effect kH /kD is equal 
to 2.140 for and 5.380 for X2 values obtained from the 
stopped-flo w experiments.
As was mentioned previously, steady-state kinetics 
provide more accurate hydrolysis rates than non -steady 
state, and a solvent isotope effect of about 2.3 is 
obtained if steady-state hydrolysis rates are 
cons idered4 9 .
This isotope effect is important when con sidering the 
resonance Raman spectra of the intermediate species and 
will be dis cussed in Chapter 5.
85
Table 4.25
Table listing values of \t and X2 at different
wa veleng ths for hydrolysis reaction in Ammonyx at pD 4.
W avele ng th  \i Xa
(nm) (min- 1 ) (min- 1 )
(Arith) 340 7.140 0.127
370 6.491 0.110
400 7.521 0.114
430 7.061 0.119
460 7.458 0.124
490 7.686 0.111
(Geom) 340 5.618 0.120
460 5.591 0.140
MEAN = 6.821
S.D. = 0.834
0. 121 
0.010
C H A P T E R
C H A R A C T E R  I SAT I OH OF* 
I H T E R M E D  I ATE F O R M E D  
DUR I HG SCH I EE BASE 
HYDROL.YS I S -
5. 1 Introducti on
The results of the experiments on schiff base 
formation and hydrolysis (Chapters 3 and 4) provided 
enough details to enable prediction of conditions where 
the con cent ra tion of the intermediate species is at a 
maximum. Results from the formation reactions showed that 
no intermediate species was observable under the reaction 
conditions which were studied during this work. For the 
hydrolysis reaction on the other hand, an appreciable  
amount of intermediate accumulated during schiff base 
hydrolysis in Ammonyx at pH 4 and 5. This accu mulation  
occurs within the first ten seconds of reaction 
approximately, according to the stopped-flow traces which 
were recorded, and this information was used to devise 
ex per iments to enable characterisation of the 
intermediate species.
Intermediate formation during schiff base hydrolysis 
is also apparent when Emulphogene, DTAB or SDS is the 
detergent, but in these cases the accumulation occurs at 
a slightly later stage - approximately 50 - 100 seconds 
after mixing of reactants. With these detergents a much 
smaller build up of intermediate occurs than in Ammonyx, 
and this is due to the fact that the value of Xi is so 
much greater when Ammonyx is detergent.
5.2 Methods of Cha racterisation
Two techniques were selected as being par ticularly 
useful for the characterisation of the intermediate 
species and these were:
(a) freeze-drying of sample followed by infra-red 
spectros cop y
(b) resonance Raman spectroscopy using a continuous 
flow system.
In method (a) the idea was to start the schiff base 
hydrolysis by 1:1 mixing of schiff base in Ammonyx 
solution and buffer/Ammonyx solution at pH 4 or 5, allow 
ten seconds for reaction to occur and then quickly freeze 
the mixture in liquid nitrogen and dry on a vacuum line.
86
It would then be possible to record the IR spectrum of 
the sample present ten seconds after mixing. For this 
experiment a more concentrated schiff base solution was 
made up than usual and a less concentrated (0.05 M final 
concentration) buffer solution was used to try to 
increase the ratio of schiff base (or intermediate) to 
salts left after freeze-drying. In addition to this, 
instead of the acetate buffer normally used, an ammonium 
acetate buffer at pH 4 was used, as this should be more 
volatile and evaporate more quickly during freeze-drying.
A trial experiment involved mixing 1ml of the schiff 
base solution with 1ml of buffer solution, freezing after 
ten seconds and leaving on a vacuum line for several 
hours to dry. Unf ortunately an oil was formed during the 
f re ez e-d rying and a second attempt where the 
con centr at io n of schiff base was reduced gave similar 
results. Solutions of 2% Ammonyx and 0 . 1M ammonium 
acetate were freeze-dried on their own, and with the 
Ammonyx a white powder was formed whereas the ammonium 
acetate completely evaporated. It was obvious that it was 
the retinal which was causing problems, and even at lower 
co ncentrati ons an oil was formed on freeze-drying. As a 
result of these experimental problems, trial runs using 
method (b) were carried out to see if this method was 
more u s e f u 1.
Method (b) involved the use of a flow system where
the schiff base and buffer solutions were pumped
separately, using two peristaltic pumps, to a T-piece 
mixer where the solutions were mixed together and the 
reaction commenced. The mixture was pumped along a short 
length of tubing into a 1cm pathlength quartz cell so 
that the time between mixing and reaching the cel 1 was 
app roxim at el y ten seconds. This flow cell was placed in 
the Raman spectrometer and a spectrum recorded of the 
solution ten seconds after mixing which is the optimum 
time for intermediate accumulation. The fact that the 
solution is flowing means that it is resident in the
laser beam for only a short length of time, less than
about 0.15 seconds, reducing the chance of
p ho to iso merisatio n of retinal occurring. A description of
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the set up of the flow cell and pumps is given in Chapter 
2- Results from trial experiments using the continuous 
flow cell and recording the resonance Raman spectra were 
very encouraging, and it was decided that this technique 
would be useful in the characterisation of the 
intermediate species.
5.3 E x p e r i m e n t a 1
The N - r e t i n y 1idene n-butylamine schiff base was made 
in the usual way by addition of all-trans retinal 
dissolved in a small volume of ethanol to iOmM butylaraine 
in aqueous detergent solution. For the resonance enhanced 
Raman spec trosc opy a more concentrated solution of schiff 
base was used than that for UV/visible and sto pped-flow 
spectroscopy. Trial runs using different con centrations 
of retinal and observing the spectrum of the unp rotonated  
schiff base suggested an optimum concentration of 
approxi ma tely 0.3mM for the schiff base sample.
Before any resonance Raman experiments were 
performed, trial experiments on the UV/visible 
spectrometer using the pump system and flow cell were 
done. These trials involved mixing the schiff base in 2% 
(by volume) Ammonyx solution with a 0.2M acetate buffer 
at pH 4 in 2% Ammonyx solution. The two solutions were 
pumped separately using the peristaltic pumps to the 
T-piece mixer, and then the mixture flowed into the cell 
which was placed in the UV/visible spectrometer and a 
spectrum was recorded. The diameter of the tubing in the 
peristaltic pumps was varied, as was the speed of the 
pumps, until the time between mixing and reaching the 
cell was near to 10 seconds.
The spectrum in fig.5.1 was recorded using an 
identical set up to the one used during the Raman runs. 
The peak maximum in the spectrum is positioned at a 
wavelength of approximately 430nm and lies between the 
maxima for the unprotonated and protonated schiff babes 
which are 360nm and 440nm respectively, but nearer to the 
protonated schiff base peak. The position of this peak is 
obviously' influenced by the large amount of protonated
FIGURE 5.1
Continuous flow UV/visible spectrum of N-retinylidene 
n-butylamine schiff base approximately 10 seconds after 
pH-jump to pH 4.13 in 2% Ammonyx solution.
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schiff base present at this pH, 10 seconds after mixing, 
and as a result it is not possible to predict the 
UV/visib le spectrum of the intermediate, except to say 
that it is probably very similar to the parent schiff 
base. This trial run on the UV/visible spectrometer 
confirmed that adequate mixing was achieved by using the 
flow cell with the peristaltic pumps.
Re son ance Raman spectroscopy was used to study the 
hydrolysis reaction in Ammonyx and Emulp'nogene at pH 4 
and 5 and in SDS at pH 10.5. In each case spectra were 
recorded of the following species:
(a) unprotonated  schiff base
(b) protonated schiff base
(c) intermediate species
(d) hydrolysis products
C e ) ret i n a 1.
For experiments in Ammonyx and Emu 1p h o g e n e , the 
unp roton at ed  schiff base (a) was made as described 
p re vio usl y in 2% detergent solution and the spectrum was 
recorded by pumping this through a single channel. The 
protonated schiff base (b) was formed by mixing (a) with 
0.2M hyd rochloric  acid in 2% detergent solution, pumping 
the solutions separately through 2 channels. The 
intermediate species (c) was formed by mixing (a) with 
0.2M acetate buffer at pH 4 or 5 in 2% detergent 
solution. The hydrolysis products (d) were formed by 
leaving (c) to react for 10-20 minutes (recorded 
stationary), and the retinal (e) was prepared in 0.2M 
acetate buffer pH 4 or 5 in 2% detergent solution 
(flowing through 1 channel). (It should be noted that for 
species (b) - the protonated schiff base - hydrolysis
w i 11 not occur as the pH is very low due to the 
hydrochloric acid. Also, for the stationary spectrum of 
(d), the laser shutter was closed during the 10-20 
minutes and re-opened after this time to record the 
s p e c t r u m . )
Controls were prepared for each of the species and 
these consisted of a solution of lOmM butylamins in 2% 
detergent solution for (a) - flowing single channel; a
mixture of lOmM butylamine / 2% detergent solution and
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0 . 2M h y d r o c h 1 or i c aci d / 2% detergent solution for (b ) -
flowing through z. channels; a mixture of lOmM buty 1 amine 
/ 2% detergent and 0.2M acetate buffer pH 4 or 5 / 2% 
detergent for (c) - flowing through 2 channels; the same
reactants as (c) but stationary instead of flowing for
(d) and finally 0.2M acetate pH 4 or 5 / 2% detergent 
flowing through 1 channel for (e).
For the SDS experiments at pH 10.5 a slightly 
different procedure was used because of the high pH value 
required for hydrolysis. A very concentrated schiff base 
in ethanol was prepared and a small volume added to lOmM 
but yla mine / 12.5mM SDS for (a) - flowing through 1 
channel; a small volume of schiff base in ethanol added 
to lOmM hydr ochlo ric acid / 12.5mM SDS for (b) - flowing 
through 1 channel; a mixture of (b) with 0.04M borate 
buffer pH 10.5 / 12.5mM SDS for (c) - flowing through 2 
channels; the same reactants as (c) but left for 
a p prox im ately twenty minutes and a stationary spectrum 
recorded for (d) and retinal dissolved in 0.04M borate pH
10.5 / 12.5mM SDS for (e). Similar control reactions were 
performed as before with either the schiff base or 
retinal being omitted in each case. All the experiments 
were run at a temperature of 20°C. In the case of the 
intermediate spectrum the pH of a 1:1 mix of reactants 
was recorded to check that the pH of reaction was what it 
should be.
5.4 Resonance  Raman Spectroscopy
Polarised Raman spectra were obtained using an 
Applied Photophysics Model 36 multichannel spectrometer 
(see Chapter 2). Experiments were performed using the 
488nm, 514nm and 457.9nm laser lines and similar results
were obtained in each case except that background 
fluorescence was lowest with the 4o7.9nm line. The 
spectra recorded consisted of 400 accumulations with a 
0.2 second acquistion time,and the spectrum of the 
relevant solvent control mixture was subtracted from the 
sample spectrum in each case. The y-axis in the Raman 
spectra corresponds to the number of photon counts during
the collect ion  period and has arbitrary units.
The first Raman spectra to be recorded were those in 
Ammonyx at pH 4 and 5 where the concentration of 
intermediate should be at a maximum. Figures 5.2-5.6 show 
spectra of the protonated schiff base, intermediate 
species, unpro tonated  schiff base, hydrolysis products 
a p p r o xima te ly  20 minutes after the pH-jump and retinal 
for experiments in Ammonyx, final pH value of 4.13. Table
5.1 lists the frequencies (cm- 1 ) of the main peaks in the 
unp roton at ed  and protonated schiff base, intermediate 
species and all-trans retinal obtained from these 
continuous flow resonance Raman spectra. The values 
obtained for the schiff base species (protonated and 
unprotonated) and the all-trans retinal are consistent 
with published results from Mathies et al B 4 'a s , taking 
into account the fact that the published figures are for 
c rys talline  species, compared to values in solution in 
table 5.1. The protonated schiff base spectrum shows a 
strong retinal C=C stretch band at 1565cm- 1 , a protonated 
imine C=N stretch at 1656cm-1 and major fingerprint 
vibrations in the 1 1 0 0 - 1400cm- 1 region which have been 
assign ed for the all-trans retinal protonated schiff 
base. Co mparison of this protonated schiff base spectrum 
with the spectrum recorded 10 seconds after pH-jump shows 
that changes have occurred.
F i g . 5.7 shows these two spectra superimposed where SB 
is the protonated schiff base and X the species present 
after 10 seconds. The most prominent feature is the 
appeara nce  of a band at 1345cm- 1 in the spectrum of X 
which is not present in the SB spectrum. In addition to 
this, there is a decrease in the intensity of bands at 
12 40 cm -1 and 1656cm-1 in the spectrum of X compared to 
the spectrum of SB. Taking into account the fact that 
sto ppe d-flow spectroscopy showed that under these same 
reaction conditions an accumulation of an intermediate 
occurred in the first 10 seconds, then the difference in 
spectra of X and SB can be explained by the fact that X 
contains an appreciable amount of carbinolamine 
intermediate, formed during the hydrolysis of the schiff 
base, and it is the presence of this intermediate that is
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FIGURE 5.2
Continuous flow resonance Raman spectrum of protonated 
N—retinylidene n—butylamine schiff base in Ammonyx.
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FIGURE 5.3
Continuous flow resonance Raman spectrum of N-retinylidene 
n-butylamine schiff base in Ammonyx approximately 10 secs 
after pH-jump to pH 4.13.
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FIGURE 5.4
Continuous flow resonance Raman spectrum of unprotonated 
N-retinylidene n-butylamine schiff base in Ammonyx.
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FIGURE 5.5
Stationary resonance Raman spectrum of hydrolysis products 
of N-retinylidene n-butylamine in Ammonyx approximately 
20 minutes after pH-jump to pH 4.13.
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FIGURE 5.6
Continuous flow resonance Raman spectrum of all-trans 
retinal in pH 4 buffer/Ammonyx.
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Tab 1e 5.1
Table of frequencies (cm- 1 ) of main peaks in the 
resonance Raman spectra of N-retinylidene n-b uty lamin e  
and its hydrolysis products in Ammonyx, pH 4.13.
U n prot on at ed Protonated Intermediate All-trans
schiff base schiff base species retinal
965
1010
1164
1195
1223
1270
967
1012
1160
1200
1239
1275
1582
1625
1453
1565
1656
967
1012
1160
1200
1240
1276
1345
1453
1565
1656
969
1009
1164
1200
1222
1274
1336
1574
FIGURE 5.7
Superimposed Raman spectra of N-retinylidene n-butylamine 
protonated schiff base (SB) and species present approx. 
lOsecs after pH-jump to pH 4.13 in 2% Ammonyx solution (X).
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responsible for the differences in the spectra. (The 
mixture X will still contain a large amount of protonated 
schiff base as the maximum amount of intermediate is 
estimated to be 50% of the schiff base c o n c e n t r a t i o n . )
E xa mi nation of spectra of the unprotonated schiff 
base (fig.5.4) and all-trans retinal (fig.5.6) and values 
in table 5.1 show characteristic bands at 1 5 8 2c m"1 for 
the retinal C=C stretch in the unprotonated schiff base 
and at 1574cm -1 in the all-trans retinal. These spectra, 
and indeed the spectrum of the hydrolysis products 
(fig.5.5), are very noisy compared to those of the 
unp rot onat ed  schiff base and the protonated schiff base 
10 seconds after pH-jump because there is less resonance 
enh ancement of these species. Figure 5.8 shows all the 
spectra together on the same diagram, drawn to scale 
(except where indicated), in order to show the different 
extents of resonance enhancement that occur on 
illumination with the 457.9nm laser line. Spectra A and B 
in fig.5.8 are of the protonated schiff base and the 
intermediate species approximately 10 seconds after pH 
jump, respectively. Both these spectra show intense 
resonance enhancement compared to spectra C,D and E 
(unprotonated schiff base, hydrolysis products after 
ap p r o xi ma tely 20 minutes and all-trans retinal 
respectively) which were run under the same conditions.
The reason for this enhancement is that Raman bands 
increase in intensity as the exciting frequency 
approaches the electronic absorption maximum. In spectra 
of A and B the maxima for the protonated schiff base 
(440nm) and the intermediate species (around 430nm ?) are 
close to the wavelength of the exciting laser line 
(457.9nm) when compared to the absorbance maxima of the 
unprotonate d schiff base (360nm), retinal (380nm) and 
hydrolysis products which will contain mostly retinal as 
the absorbing species.
From figure 5.8 it is obvious that the features 
present in B which are different from A cannot be 
explained by suggesting they are due to the presence of 
unproto nat ed schiff base or al1-trans retinal. Firstly 
the peak at 1345cm-1 present in spectrum B is not present
FIGURE 5.8
Raman spectra of; A- N-retinylidene n-butylamine protonated 
schiff base, B- schiff base approximately 10 secs after 
pH-jump to pH 4.13/C- unprotonated schiff base,D- hydrolysis 
products approximately 20 minutes after pH-jump to pH 4.13 
and E- all-trans retinal in pH 4 buffer.
Drawn to scale except where shown.
(Taken from ref.69)
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in spectra of unprotonated schiff base or retinal and, 
more importantly, because of the resonance enhancement in 
spectra A and B, any contamination from unpro tonated 
schiff base or retinal would not produce a peak as 
intense as the 1345cm-1 peak in spectrum B anyway. It 
should also be noted that the presence of these 
contam in ating species would produce a shift in the 
1565cm-1 C=C band which does not occur, and that at pH 4 
the schiff base is predominantly in the protonated form.
Similar results to these were obtained when examining 
the schiff base hydrolysis at pH 5 in Ammonyx. The 
reaction conditions were the same as those in the pH 4 
experiments except that the intermediate spectrum was 
obtained by mixing unprotonated schiff base in 2% Ammonyx 
solution with 0.2M acetate buffer pH 5 / 2% Ammonyx 
detergent.
Spectra were recorded and fig.5.9 shows superimposed 
continuous flow Raman spectra of the protonated schiff 
base and the intermediate species approximately 10 
seconds after pH jump to pH 5.12. Exactly the same 
features can be identified as those in spectra at pH 4, 
with a peak appearing at 1345cm-1 in the spectrum of X 
which is not present in the spectrum of SB, and peaks at 
1240cm-1 and 1656cm-1 having lower intensity in the 
spectrum of X compared to that of SB. Table 5.2 lists the 
frequencies of the main peaks in the spectra.
Again at this pH value in Ammonyx , stopped-flow 
traces have shown that 10 seconds after pH jump to 5.12
is the time when the optimum concentration of
intermediate is present, and so these features must be 
due to the presence of this intermediate species. 
Repetit ion  of spectra of unprotonated schiff base, 
hydrolysis products after 20 minutes and a l 1-trans 
retinal confirms the previous results that resonance
enhancement of these species is much lower than the
protonated schiff base / intermediate species.
The experiments in Ammonyx detergent were repeated in 
Emu 1pho gene detergent, and reaction conditions and 
solutions were identical except that solutions were made 
in 2% Emu 1phogene detergent instead of 2% Ammonyx
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FIGURE 5.9
Superimposed Raman spectra of N-retinylidene n-butylamine 
protonated schiff base (SB) and species present approx.10 
secs after pH-jump to pH 5.12 (X),in 2% Ammonyx solution.
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Table 5.2
Table of frequencies (cm- 1 ) of main peaks in the 
resonance Raman spectra of N-retinylidene n - b u t y 1 amine 
pr ot onated schiff base and its hydrolysis product 10 
seconds after pH jump to pH 5.12, in Ammonyx.
Protonated Intermediate
schiff base species
968 968
1012 1012
1160 1160
1200 1200
1239 1241
1275 1275
1345
1452 1453
1565 1565
1656 1656.
detergent. Results from stopped-flow traces showed that 
the maximum accumulation of intermediate occurred 
app roxim at el y 100 seconds after pH jump to pH 4 or 5. The 
ac cu mu lation  is also much lower than in Ammonyx, so that 
for the spectra in Emulphogene there should be hardly any 
evidence of intermediate 10 seconds after pH jump.
The continu ous  flow resonance Raman spectrum of the 
protona ted  schiff base in Emulphogene is shown in figure
5.10, and the frequencies (cm- 1 ) are shown in table 5.3. 
Once again the major features of the crystalline 
protona ted  schiff base, assigned by Mathies et al, can be 
identified. The change of detergent from Ammonyx to 
Emu lp ho gene has caused a small shift in some of the 
frequencies (comparison of values in table 5.3 with those 
in table 5.1), but overall the protonated schiff base 
peaks in solutions are similar.
Figures 5.11 and 5.12 show the continuous flow 
resonance Raman spectra of the N-retinylidene 
n- but yl am ine schiff base approximately 10 seconds after 
pH jump to pH 4.11 and pH 5.11 respectively, and table 
5.3 lists the frequencies of the major peaks in these 
spectra. It is obvious from examination of the spectra 
that the difference between protonated schiff base 
(fig.5.10) and species present 10 seconds after pH jump 
(figures 5.11, 5.12) is much less marked in Emulphogene
than in Ammonyx.
It is possible that in figures 5.11 and 5.12 there is
a peak appearing at around 1350cm-1 which is not so
obvious in the protonated schiff base spectrum in figure
5.10. In the spectrum of pH jump to pH 5.11, the peaks at 
1242cm-1 and 1660cm-1 are less intense than in the 
pr otonated schiff base spectrum, and for pH jump to 4.11 
these peaks are approximately the same as the protonated 
schiff base spectrum. This seems reasonable as the
reaction in Emulphogene is slightly faster at pH 5 than
at pH 4 and it is more likely that intermediate will have 
f o r m e d .
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FIGURE 5.10
Continuous flow resonance Raman spectrum of protonated 
-retmylidene n-butylamine schiff base in Emulphogene.
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Tab 1e 5.3
Table of frequencies (cm- 1 ) of main peaks in the 
resonance Raman spectra of N - r e t i n y 1idene n-b utylami ne  
proto nat ed schiff base and its hydrolysis product 10 
seconds after pH jump to pH 4.11 and pH 5.11, in 
Emu 1pho g e n e .
Protonated Hydrolysis product Hydrolysis product
schiff base after pH jump after pH jump
to pH 4.11 to pH 5.11
968 968 968
1012 1012 1013
1162 1162 1162
1203 1202 1202
1242 1242 1242
1277 1277 1277
1353 1351
1455 1456 1455
1570 1570 1566
1660 1660 1660
FIGURE 5.11
Continuous flow resonance Raman spectrum of N-retinylidene 
n-butylamine schiff base in Emulphogene approximately lOsecs 
after pH-jump to pH 4.11.
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FIGURE 5.12
Continuous flow resonance Raman spectrum of N-retinylidene 
n-butylamine schiff base in Emulphogene approximately lOsecs 
after pH-jump to pH 5.11.
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Overall, the similarity in these figures shows that 
very little intermediate formation has occurred during 
the 10 seconds after pH jump, and the species present at 
this time in Emu 1phogene is very predom ina ntly protonated 
sch i f f b a s e .
These experiments with Emulphogene can act as a 
control reaction for the set up with the pump system 
where the solutions are reaching the flow ceil 10 seconds 
after mixing. The fact that the features present in the 
intermediate spectrum in Ammonyx are not seen in 
Em ulphog ene shows that these features are not simply due 
to mixing the schiff base solution with any 
buf fe r/de te rg ent mixture, nor due to photoiso merisa ti on , 
but are specific features seen when an appreciable  amount 
of intermediate species is present.
Exp eriments in SDS detergent were done and the 
solutions were prepared as described previously- (section 
5.3). Continuous flow resonance Raman spectra of the 
protonated schiff base and species present 10 seconds 
after pH jump to 10.34 are shown in figures 5.13 and 5.14 
respectively, and the frequencies (cm- 1 ). of the main 
peaks are shown in table 5.4.
It is very difficult to establish any differences in 
these spectra because the spectrum in figure 5.14 is so 
noisy, and the intensity of some peaks in figure 5.13 is 
very low. The intensity of peaks at 1232cm-1 , 1450cm-1
and 16 56 cm- 1 in figure 5.13 is greater than in figure 
5.14, and it would appear that peaks at 1324cm -1 and 
13 36c m-1 in the protonated schiff base spectrum have 
converged in the pH jump spectrum, but this region is so 
noisy it is impossible to even assign accurate 
frequencies to these peaks.
The results of stopped-flow traces would suggest that 
ac cumulatio n of intermediate for the hydrolysis reaction 
in SDS at pH 10.5 occurs in approximately 30-40 seconds, 
but again the concentration of the intermediate is much 
smaller than that in Ammonyx. It is not possible to 
decide from the spectra recorded whether the species 
present in figure 5.14 is the intermediate, but there are 
differences between this spectrum and the protonstsd
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FIGURE 5.13
Continuous flow resonance Raman spectrum of protonated 
N-retinylidene n-butylamine schiff base in SDS.
. _ i___________ L i__
900 -
Hoe—
1200—
1300—
1400—
1500—
1800—
1900
cm-'
FIGURE 5.14
Continuous flow resonance Raman spectrum of N-retinylidene 
n-butylamine schiff base in SDS approximately lOsecs after 
pH-jump to pH 10.34.
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Table 5.4
Table of frequencies (cm- 1 ) of main peaks in the 
resonance Raman spectra of N-r etinylidene n-butylamine 
proton ate d schiff base and its hydrolysis product 10 
seconds after pH jump to pH 10.34 in SDS.
Protonated Hydrolysis product 
schiff base after pH jump
to pH 10.34
958 958
1002 1002
1153 1160
1190 1190
1232 -
1273 1270
1324
1330
1336
1450 -
1558 1563
1656 -
schiff base spectrum in SDS.
Overall, the best evidence for the presence of the 
intermediate is obtained in the Ammonyx experiments at pH 
4 and 5, as would be expected from previous results. The 
main differences in the spectra of the protonated schiff 
base and intermediate species in Ammonyx at pH 4 and 5, 
as pre vio usly stated, are the loss of intensity of the 
1240cm-1 and 1656cm-1 bands in the intermediate spectrum 
compared to the protonated schiff base spectrum, and the 
presence of the new band at 1345cm-1 in the intermediate 
spectrum.
The band at 1656cm-1 has previously been a s s i g n e d 85 
and is pr edominantl y due to the C=N stretch of the 
protonated schiff base. It is therefore not surprising 
that the intensity of this band should decrease after the 
pH jump when the intermediate species accumulates, 
be cause the C = N group is not present in the carbino 1 amine 
intermediate. The band at 1240cm-1 in the protonated 
schiff base is thought to be a highly mixed combination 
of C-C, C=C, C - C H 3 stretches and CCH in-plane hydrogen 
rocks involving carbon atoms ll-15a = . The changes 
occurring at C-15 during the formation of the 
carbino 1 amine (formation of Ci 5 -OH bond and conversion of 
C=N to C-N) could therefore cause a change of intensity 
in the 1240cm-1 band. It should however be noted that 
this peak is more intense in the detergent solution 
spectra than in the crystalline spectra, and this could 
be due to the fact that the conformation of the schiff 
base is slightly different in the micelle and the 
crystal, which may affect mode assignment.
The assignment of the band at 1345cm-1 in the 
intermediate spectrum is more difficult as there are no 
carbino 1 amine spectra in the literature with which to 
compare the spectrum recorded here. The frequency of this 
vibration is possibly due to an alcnonolic 0-H in-plane 
deformation of the carbino 1 amine intermediate, and 
deuterium labelling experiments were done in order to 
test this possibility.
If the band at 1345cm -1 is due to the presence of the
-OH group in the carbino 1 a m i n e , then replacement of water
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by deuterium oxide will result in a shift of frequency to 
a lower value. This is because the -OH group on the 
c a r b i n o 1 amine is replaced by an -0D group in deuterium 
oxide, and the increase in mass due to the presence of 
de uterium instead of hydrogen will cause a decrease in 
f r e q u e n c y .
5.5 Use of Deuteri um Oxide in Schiff Base Hydrolysis
The hydrolysis experiment in Ammonyx at pH 4 was 
repeated in Ammonyx at pD 4, replacing all water by 
deut eri um oxide. The experimental set up was exactly the 
same as before, and spectra of the protonated schiff base 
and hydrolysis products 10 seconds after pD jump to pD
4.01 are shown in figures 5.15 and 5.16 with values of 
frequencies (cm- 1 ) listed in table 5.5.
The spectra recorded seemed disappointing at first 
because there was very little difference in spectra of 
the pro tonated schiff base and hydrolysis products - 
there was possibly a peak at around 1349cm-1 in the 
" i n t e r m e d i a t e ” spectrum, but the intensity is very low 
and the spectrum is noisy in this region anyway. However 
the ultra-vi olet and stopped-flow spectroscopy 
experiments using deuterium oxide (Chapter 4) confirmed 
that the reaction occurred much more slowly when 
deuterium oxide was used as solvent, and this has 
ob vio usly resulted in the formation of much smaller 
concentrati ons of carbino 1 amine intermediate. Because of 
these kinetic isotope effects, the deuterium labelling 
experiment was unable to assist in the assigning of the 
1345cm-1 band in the c a r b i n o 1 amine intermediate spectrum.
It is interesting to note that most of the bands 
listed in table 5.5 for the deuterium oxide experiment 
are essentially identical to those listed in table 5.1 
for the water experiment, with the exception that the 
1656cm-1 band has moved to 1638cm-1 in D 2 O. This is not 
surprising as the hydrogen atom on the protonated 
nitrogen in the schiff base will exchange with deuterium 
from the D 2 0, thus affecting the frequency of the 
1656cm-1 C = N protonated schiff base band, causing a
FIGURE 5.15
Continuous flow resonance Raman spectrum of protonated 
N-retinylidene n-butylamine schiff base in Ammonyx,D^O.
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FIGURE 5.16
Continuous flow resonance Raman spectrum of N-retinylidene 
n-butylamine schiff base in Ammonyx, D20 approximately 10 
secs after pD-jump to pD 4.01.
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Tab 1e 5.5
Table of frequencies (cm- 1 ) of main peaks in the 
resonance Raman spectra of N-retinyl idene  n-butylami ne  
protonat ed schiff base and its hydrolysis product 10 
seconds after pH jump to pD 4, in A m m o n y x / D 2 0.
Protona ted  Hydrolysis product 
schiff base after pH jump
to pD 4.01
967 967
1012 1012
1158 1158
1200 1200
1239 1239
1276 1276
- ? 1349
1453 1453
1567 1567
1638 1638
decrease in frequency to 1638cm- 1 .
In the absence of any further information it is not 
possible to make a definite assignment for the 1345cm- 1 
band in the c a r b i n o 1 amine intermediate spectrum.
Infra-red spectra of some c a r b i n o 1 amine species have 
been recorded, for example 1- a m i n o e t h a n o 1 (a) and
N - (hyd ro xymethy  1) phthalimide (b) shown below, and both 
of these have bands at around 1350cm-1 in their spectra. 
In general, primary and secondary alcohols would be 
expected to have bands in the infra-red spectrum in the 
region 1250-1350cm- 1 due to an -OH bending mode. In the 
absence of any Raman spectra of carbino 1 amine species, 
co mpariso n with infra-red spectra would suggest that the 
1345cm-1 could be explained by the -QH bend.
(a)
OH
secondary alcohol
H
(b)
o
primary alcohol
5.6 The Resonance Raman Spectrum of the Carb ino i amine
Intermed iate
As was previously mentioned, the spectrum in figure 
5.3, of the N-retinyliden e n-butylamine schiff base 10 
seconds after pH jump to pH 4 in Ammonyx, actually 
consists of a mixture of the carbino 1 amine intermediate 
formed during the hydrolysis reaction, and the protonated 
schiff base itself, in roughly equal proportions. It is 
therefore possible to substract 50% of the protonated 
schiff base spectrum in figure 5.2 from figure 5.3 and 
obtain the resonance Raman spectrum of the pure 
c a r b i n o 1 amine intermediate. This spectrum is shown in 
figure 5.17 and clearly demonstrates the decrease in 
intensity of the 1240cm-1 and 1656cm-1 bands, along with 
the appearance of the 1345cm-1 band in the c a r b i n o 1 amine 
intermediate (X).
What is even more interesting is the similarit y of 
this spectrum to the published spectrum of the 
me ta rh odopsi n II intermediate which is one of the 
intermediate species formed during the hydrolysis of 
bovine rhodop si n2 8 -a 4 . This spectrum of the metarh odopsin  
II intermediate led to controversy as to whether the 
species is an unprotonated r e t i n a 1-opsin schiff b a s e 2 3 , 
so that the meta I to meta II stage in the bleaching 
sequence is a deprotonation step (meta I being a 
protonated schiff base), or whether the species is 
retinal formed from the hydrolysis of meta I, the 
protonated schiff base2 9 . The spectrum clearly does not 
have a band at 1630cm-1 which is the C=N stretch 
characte ristic of unprotonated schiff bases, and it does 
have a peak at 1350cm-1 which corresponds to the peak in 
the carbino 1 amine intermediate spectrum at 1345cm-1 .
The metarhodopsin II intermediate spectrum was 
obtained by computer subtraction of a percentage 
(approximately 40%) of a meta I spectrum from the 
spectrum of a solution containing a mixture of meta I and 
meta II (predominantly meta II as mixture was at pH 5.3). 
The meta I spectrum had also been corrected by 
subtraction of 7% of an isorhodopsin spectrum and it was
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FIGURE 5.17
Continuous flow resonance Raman spectra of carbinolamine 
intermediate (X) formed during hydrolysis of N-retinylidene 
n-butylamine in Ammonyx pH4 and of the metarhodopsin II 
intermediate (Meta II). (Taken from ref.69)
s t i l 1 estimated that the meta I spectrum could contain up 
to 5% of isorhodopsin or rhodopsin. It is obvious 
therefore that the meta II spectrum may not be entirely 
accurate, but the carbinolamine spectrum is very similar 
to it, more so than the model unprotonated schiff base 
spectrum.
It would seem very likely from these results that the 
m etarh od op sin II intermediate of the rhodopsin bleaching 
sequence is a stabilised form of a carbinolamine 
intermediate, formed during the hydrolysis of the retinal 
schiff base linkage of rhodopsin.
C H A P T E R  G
E Q U I L I B R I U M  AND 
E X P R E S S  I ONS EOR 
E E A G T  I ON M E G H A N
R A T E  
THE 
S M .
6.1 Eq uilibriu m and Rate Expressions
The mech ani sm of the hydrolysis and formation 
reactions of a schiff base is represented in the scheme 
below, where SH* is the protonated schiff base, X is the 
neutral or zwitt erionic  form of the tetrahedral 
carbinolamine  intermediate, R is the aldehyde (retinal) 
and B is the amine (b u t y 1 a m i n e )b 4 • 87 .
k M
s h + + h 2 o :— r  x + h *
k2 s
SH+ + OH- -~rzr X 
k 3 N
X R + B
k_ 3
(scheme 1)
The hydrolysis and formation reactions have the same 
mechanism and the carbinolamine X is formed by attack of 
water or hydroxide ion on the protonated schiff base
during hydrolysis, or by attack of amine on the retinal
during formation.
For the hydrolysis and formation reactions studied 
during this work, all the solutions were prepared in 
detergent micelles and so we assume any species 
containing retinal are in the micellar phase whereas the 
free butylamine is in the aqueous phase.
The acid dissociation constants for the schiff base 
and the but ylamine respectively can be defined as:
K9 h = C S ] aH / t SH+ 3
K b h = CB] i H* ] / C BH* ]
where aH is the hydrogen ion activity in the micellar 
phase, estimated from the schiff base titrations as 
described in Chapter 4, and [H+ ] is the concentration of 
the hydrogen ions (or activity) in the bulk aqueous 
phase, measured using the pH electrode.
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The overall observed equilibrium constant for the 
reaction ( K a b « ) can be written as follows:
K 0 b • = [Bitot[Rl/CSltot
C R ] ([B ] + [BH* ])/([S ] + C SH* ])
CR] CB3 +
CB
CS] +
Kob. = K 0 (1 + C H* ] /Ka h ) / (1 + aH /K9H
(6 . 1 )
where K„ = CR3CB3/CS3 is the dissociation constant at the 
hi gh pH limit.
The principle of microscopic rev ersibility produces 
some useful relationships between the equilibrium and 
rate constants, as shown below.
At equilibrium, k3 CX3 = k-3 CR][B3
k2 C SH+ ]a„H = k.2 [X]
k, [SH+ 3 = k. » CX3aH
therefore ki k. 2
k_ I ka
(6 .2 )
K q = CR]CB3/CS3 = CX]k3 /CS]k_3
C X 3 k3 aH / k- 3 Ka h CSH+ 3
k2 k3 aH C SH+ 3 a0 h / k - 2 k_ 3 K 3 H C SH+ 3
k 2 k 3 Kw / k- 2 k_ 3 Ka h (6.3)
ki k 3 / k. 1 k_ 3 K a h (6.4)
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In the reaction sequence for the formation / 
hydrolysis of the schiff base, the steady-state 
approxim at io n can be used and after a short time it will 
be a good appr oxi matio n to assume that the rate of 
formation of X is equal to the rate of breakdown, i.e. 
the first derivative of the concentration of X is equal 
to zero.
d C X ]
  = 0
dt
If the steady-state approximation is applied to reaction 
scheme 1 then, following established p r o c edu re s8 8 , 
steady-state observed rate constants for formation and 
hydrolysis can be obtained.
For hydrolysis the pseudo-first order observed rate 
constant can be written as:
kh y d r a 1 ISltot = k3 [ X 1 (6.5)
From the steady-state approximation the con cent ration of 
X, the reactive intermediate, can be wri'tten as:
k, CSH+ ] + k 2 CSH+ ]aQH
[XJ =
k 3 + k_ 2 + k_ i aH (6.6)
It is known that,
[S ]t□ t = CS] + C SH+ 3
K b h [SH+ ]
= -----------  + CSH+ ]
= C SH+ ] (1 + K a H /aH )
therefore, CSH+] = CS3tot/(l + K 9 H /aH )
and substitution into equation 6.6 gives:
[Sit a t ( ki + k 2 a 0 H )
[XI = ------------------------------------------
( 1 + k 9»/3l h) (k3 + k - 2 + k_ 1 a H )
i 0 3
Su bst itution  of [X] into equation S . 5 gives:
k 3 ( k i 3 a h )
h y d r o 1
( 1 + Kg h /aH ) ( k 3 + k_ 2 + k_ i an )
( 3-h + Kg h ) ( k 3 + k- 2 k- i aH ) (6.7)
For the formation reaction the second order observed 
rate constant can be written as:
From the steady-state approximation,
k_ 3 CR]CB3 
[X] = ----------------------
It is known that:
CB ]t o t = CB] + CBH* ]
= CB] + (CB]CH+ ]/KB H )
= C B ] (1 + CH+ ]/Kb h ) 
therefore, CB] = CB]t o t/(l + CH*]/Kb h > 
Su bst it ut ion into equation 6.9 gives:
( 1  + CH+ ]/Kb h ) (k3 + k - 2 + k_ , a„ ) 
and sub stitution of CX] into equation 6 . 8  gives:
k- 3 ( k- i an k- 2 )
k C B ] t o t CR] = CX](k_,a„ + k_ * > (6.8 )
k 3 + k- 2 + k_ i aH (6.9)
C B ] t o t k_ 3 C R ]
( 1 + CH+ ]/Kb h ) (k 3 + k _ 2  + k_iaH )
k- 3 Kb h ( k- i an k- 2 )
(Kbm + CH+ ] ) (k3 + k- 2  + k- 1 aH )
(6.10)
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Equations 6.7 and 6.10 are expressions for the 
steady-state rates of hydrolysis and formation 
respectively. These expressions are related by the 
eq ui libr iu m constant K0 b , = kh y d r Q ,/ k,„ r„, and so either
hydrolysis or formation data can be used to give the same 
information. As a check it is therefore possible to use 
equations 6.7 and 6.10 to compare with equation 6.1.
k h y d r o I
K o  b « “
k+ o r •
k3 (k t aH + k2 K* ) ( [ H + ] + K B h ) (k3 + k_ 2 + k. t aH )
k-3KBH (aH + K8h ) (k3 + k_2 + k. t ) (k. t aH + k_2)
( k i k3 aH + k2 k3 K« ) ([H+ ] + K B H )
( k_ t k. 3 aH KB H k_ 2 k_ 3 K B h ) (a« Kg h )
k ,k 3K BH ( a H + k2 K M /ki ) (1 + [H+ ]/Kb h ) 
k_ i k_ 3 K b h Ks h ( aH k_2 /k_i) (1 + 3 h /Kg h )
k, k3 Cl + CH+ ]/Kbh ) 
k_ i k_ 3 Kg h (1 + aH /Kb h )
(1 + CH+ ]/KB h )
= K 0 ------------------
(1 + / Ka h )
(6.11)
E qua tion 6.11 is consistent with equation 6.1 and 
gives an expression for the observed dissociation 
c o n s t a n t .
In the equilibrium study of the schiff base 
N-reti ny lidene  n -b utylam in e6 9 , data was obtained by 
studying the hydrolysis reaction at low to neutral pH and 
the formation reaction at high pH. It is not possible 
however to obtain all of the rate constants in scheme 1 
from the steady-rate pH-rate profiles on their own. Three 
parameters can be determined independently, as shown 
be 1o w .
If equation 6.7 is divided by k3 then the following
equation is obtained:
( k i aH k2 Kw )
k h y d r - o l - » . »
(a« + Kq h ) (i + k.?/k-5 + k-i aH / k3 )
and in this equation there are four parameters namely k t , 
k2 , k_2 /k3 and k _ 4 /k3 . However only three of these are
independent because they are related by microscop ic 
reversibility. Equations 6.3 and 6.4 gave:
k2 k3 K„ ki k3
K„ = ------------------  = ------------------
k- 2 k_ 3 Ka h k_ i k_ 3 Ka h
therefore,
k_ 2 k2 K„ k_ i
k3 ki k3
for example, and so only three of the four parameters are 
independent. Similarly for formation, equation 6.10 can 
be written:
k. j K b h ( k- i aH /k3 + k_2 /k3 )
( K b h  + [H + 3 ) Cl + k_ 2 /k3 + k_ i aH /k3 )
and so in this case three parameters, namely k_ 3 , k _ t/k3
and k_2 /k3 can be obtained.
It is therefore necessary to obtain additional 
information and this is possible by analysis of the 
complete, non-st ead y-state rate equations used during 
this work. The value of the rate constant k3 can be 
obtained in this way, giving a complete set of rate 
constants for scheme 1.
For con secutive two-step reactions of the type in 
scheme 1 with a reversible first step, the absorbance 
versus time curves are biphasic and can be represented by 
equat ion 2.14,
A(t) = <Xo + « i  Cex p-\it ) + « 2  Cexp-Xzt) C2.14)
In this expression \i and \2 are actually functions
of the individual rate constants, and it is necessary to 
derive expressions to reiate them to the actual rate 
constants of the reaction.
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A general reaction scheme which involves the 
reversible formation of an intermediate B during the 
t ra ns formation of A to C is shown below.
"ki T\ "k2 "
A s B — ——  ^ C
"k-i"
(Scheme 2)
The differential rate equations for this scheme are
-d [ A ] = "ki ttCA]-ttk_ t " CB 3 
dt
d [B 1 = nk.! tt[A]-,,k. t ’t[B]-nk2 tt[B3 
dt
d C C 3 = nk2 w C B 3
d t
The solutions (taking CB30 = tC30 = 0) are:
"k, " C A 3o
[ A 3 = ----------
Xi ~ X2
X2 _nk2 n
exp(-Xit)- --------  exp(-Xzt)
Xi X2
o[ B 3 = ---------- Cexp(-X2t)-exp(-Xit)3
Xi -  X2
where Xi = l/2(p+q)
X2 = l/2(p-q) 
p _ «kl w + Mk _ t n + "k2 n
q  = (p2 - 4 Mk i n"k2 ")17 2 .
It can be seen that:
Xi X2 = l/4(p2 -q2 )
= 1 / 4 ( p2 -p2 + 4"k, "”k2 " )
= M k i " " k 2 tT
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(6.12)
(6.13)
Comp ari son of scheme 2 with scheme 1 shows that:
w kt M = ki + k 2 a □ h
= k i + k2 Km /aH 
Mk_ i = k_ i a H + k _ 2
"k2 " = k3
so that:
Xi X2 = k3 ( kt + k2 Km /aH )
However it must be remembered that the very first
step in scheme 1 is actually the protonation of the
schiff base and this must be included in the scheme.
ki
K g h SH+ + H 2 0 X + H*
\ k - » s + h +  __ :
k2
SH+ + 'OH :---* X
k_ 2
The fraction of the total schiff base which is in the
pro tonated form and can be hydrolysed by H 2 0 or OH can be
calcula ted  as follows:
K 9 h = C S ] aH / C SH+ ]
[Slt.t = C S ] + C SH+ ] = C SH* ] (1 + K 9 H /aH ) 
therefore,
CSH+ ]/CSltot = 1/C 1+ Kan/aw)
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This then gives a value of Mk, " as:
(kt + k2 Kw /31h )
"k, " = — ----------------
Cl + Ka h / & h )
(6.14)
so that,
X 1 X2 — k3 (ki aH k2 Ku ) / (aH Ksh)
(6.15)
Xi and X2 are obtained directly from the mainframe 
analysis of the non -st eady-state kinetics and are the 
values quoted in Chapters 3 and 4, k t and k2 can be 
obtained from the steady-state kinetics and so k3 can be 
obtained from equation 6.15 giving a full set of rate 
constants for scheme 1.
The reaction mechanism in scheme 1 can be written in 
different kinetically equivalent forms. For example, the 
carbino 1 amine intermediate, like the parent schiff base 
species, can exist in a protonated and an unprotonated 
form, and this protonation step could be included in the 
scheme so that the first line of scheme 1 would be:
k 1 v
SH + + H 2 0 r  —  XH+
ktf,
Kx M .
with X H + — * X + H +
where Kxh is the acid dissociation constant of the 
carbino 1 a m i n e . In this case rate constant k _ 1 in scheme 1 
would be replaced by kt-! /Kx h and the rate expressions in 
equations 6.7 and 6.10 would still be obtained. There is
no real advantage in including this protonation step as 
the pK, of the carbinolamine cannot be determined 
i n d e p e n d e n t 1y .
In scheme 2 the absorbance at any time (Abst ) is 
given by:
Abst = Ga CA] + c b [ B 3 + GcCCl
and CC] = [A30 “ CA3-CB] (where [Al0 is the 
concentr at io n of A at time = Osecs, assuming C B ]0 = CC30
= 0, and where Gfl is the molar extinction coeff icient of 
A i n  1 cm- 1 mo 1 e- 1 ) .
Theref o r e ,
Abst = < €a - tc ) C A] + ( €b - £c ) CB ] + £c CA]0 .
Using the solutions of the differential rate equations 
6. 12, 6.13 then:
Abst = ( €a -Gc )
nkt"CAlo 
Xi -  X2
Xi - "k2 " -Xit X2 “ nk2 " -X 2 t
--------  e - -------- e
Xt X2
wk t " C A] o
Xi X2
X2 t — Xi t
e -e + Gc C A ] o
"kt " C A] o 
Xi ~ X2
Xi - "k2 "
(Ga -G c ) ---------- (Gb -Gc >
Xi
Xi t
"kt " C A ] o 
Xi ■ X2
X2 ~"k2 " 
X2
~ X2 t.
+ Gc C A ] o
theref o r e ,
- Xi t - X2 t
Abst = <Xo + <X» © + «:s
where «o =GctA]0 ,
<Xi =
" k t " C A ]0 
Xi “ X2
(Ga -Gc )
X!
and tx2 =
1 k » " C A ] o 
Xi - X2
( G b ~ Gc ) “ ( G a G c )
\2 - "k2 "
x=
This is the derivation of equation 2.13.
1 1 o
6.2 Calc ula ted Spectrum of the Intermediate Species
In Chapters 3 and 4 it was shown that spectra of 
retinal and schiff base could be constructed by use of 
equat i on 2.13.
At time = 0, A = <x0 +0Ci + «2 for biphasic reactions, and 
at time = infinity (at the end of the reaction), A = # 0 . 
Values of <x0 , cti and tx2 were obtained from mainframe 
analysis, and so in the hydrolysis reaction the spectra 
of the absorbing species present at the start of reaction 
(schiff base) and at the end of reaction (retinal) could 
be constructed, and similarly for formation, the species 
at the start of reaction (retinal) and at the end of 
reaction (schiff base), by using the above equations.
It is also possible to construct the spectrum of the 
intermediate species if an appropriate expression can be 
derived, and by trial and error the following expression 
was found to be suitable:
" k , " C A l 0
« i X t + « 2 X2 =   C < € a - G c  ) ( Xi - wk2 " ) - \ i  ( cB - £ c ) +
Xi - X2
"k» " CAlo
Xi “ X2
"kj " CAlo
Xi - X2
"kt " CAlo
Xa ( €b -  Gc ) -  ( Ga -  £c ) ( Xa " "k2 " ) ] 
 ^€a Xi ~ €b Xi + €b X2 ~ €a X2 )
E(€ a ~£ b ) ( X i “ X2)3
£ a - € b )  (6.16)
Rea rra ng ement of equation 6.16 gives:
CAlo Gb =CA30 Ga -  («» Xi+«2 Xa ) / wkt n (6.17)
If CAlo Gb values can be calculated over a wavelength 
range using equation 6.17 then the spectrum of the
intermediate can be constructed.
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CAlo ta is the absorbance of A, the species present 
at the start of reaction, and this abs orbance is given by 
A = {Xo+<x1 +(X2 , which can be easily calculated. The term 
Xi + 1X2 X2 can be calculated using mainframe values of # 
and x, and the value of " k t " can be estimated as being 
either very similar to Xi or X2 values obtained from 
analysis. This ambiguity arises because it is not 
possible to say for definite which one of \i or X2 
corresponds to " k , " and "k2 ".
Results of schiff base hydrolysis in Ammonyx at pH 4 
are shown in table 6.1. The average values of and X2 
obtained from mainframe hydrolysis were 0 . 2 5 4 s e c _1 and 
O . O l O s e c * 1 respectively and table 6.1 shows values 
obtained assuming that " ki" = Xi and table 6.2 assuming 
that "k, " = x2 .
Examinati on of the values of Gb CA]0 in tables 6.1 
and 6.2 shows that those in table 6.1 are reasonable 
absorbance values whereas those in table 6.2 are not, as 
there are negative values. It would therefore seem 
reasonable to say that "ki " is approximately equal to \i 
and a plot of Gb CA]0 values in table 6..1 versus 
wavelengt h (nm) is shown in figure 6.1.
Similar calculations can be done for results of 
schiff base hydrolysis in Ammonyx at pH 5. Values of 
Gb CA]0 are shown in table 6.3 and a plot of these values
versus wavelength is shown in figure 6.2. Once again the
use of "ki " = Xr gave negative absorbance values and so 
it was assumed that "k t " = Xi (the average value of \i 
being 0.329 sec * 1 in this case).
It is possible to construct a spectrum of species
present 10 seconds after pH jump by reading the value of 
absorbance at t = 10 secs from the mainframe printout at 
each wavelength. Table 6.4 lists the values of wavelen gth  
and absorbance at t = 10 secs for the hydrolysis reaction 
in Ammonyx at pH 4 and 5, and figure 6.3 shows the 
spectra constructed using these values. Compariso n of 
these spectra with those in figures 6.1,6.2 shows that 
these two methods give very similar results. It is also 
possible to obtain spectra of retinal and protonated 
schiff base by reading off absorbance values at. t = 420
Tab 1e 6.1
Table listing calculated values of c a r b i n o 1 amine
intermediate absorbance during schiff base hydrolysis in
Ammonyx at pH 4, assuming "kt "=Xi.
’e 1 ength Ga C A 3 0 CCi Xi +<3(2 X2 iTt CD 1—
I
> L~J O
(n m ) "kt "
330 0.1941 0.0165 0.1776
340 0.2077 0.0224 0.1853
350 0.2479 0.0248 0,2231
360 0.2754 0.0276 0.2478
370 0.2904 0.0240 0.2664
380 0.2966 0.0209 0.2757
390 0.3014 0.0087 0.2927
410 0.3451 -0.0087 0.3538
420 0.3654 -0.0039 0.3693
430 0.3668 -0.0079 0.3747
440 0.3603 -0.0142 0.3745
450 0.3295 -0.0221 0.3516
460 0.2901 -0.0221 0.3122
470 0.2436 -0.0236 0.2672
480 0.1878 -0.0252 0.2130
490 0.1431 -0.0055 0.1486
500 0.0990 -0.0181 0.1171
510 0.0715 -0.0158 0.0873
520 0.0494 -0.0130 0.0624
530 0.0375 -0.0079 0.0454
Tab i e 6.2
Table listing calculated values of c a r b i n o 1 amine
intermediate absorbance during schiff base hydrolysis in
Ammonyx at pH 4, assuming ttkt tt = X2 .
Wave 1ength C A]0 Ga Xi +<Xz Xz Gb C A ] o
(n m ) "ki "
330 0.1941 0.4106 -0.2165
340 0.2077 0.5572 -0.3495
350 0.2479 0.6158 -0.3679
360 0.2754 0.6843 -0.4089
370 0.2904 0.5963 -0.3059
380 0.2966 0.5181 -0.2215
390 0.3014 0.2151 0.0863
410 0.3451 -0.2151 0.5602
420 0.3654 -0.0978 0.4632
430 0.3668 -0.1955 0.5623
440 0.3603 -0.3519 0.7122
450 0.3295 -0.5474 0.8769
460 0.2901 -0.5474 0.8375
470 0.2436 -0.5865 0.8301
480 0.1878 -0.6256 0.8134
490 0.1431 -0.1368 0.2799
500 0.0990 -0.4497 0.5487
510 0.0715 -0.3910 0.4625
520 0.0494 -0.3226 0.3720
530 0.0375 -0.1955 0.2330
FIGURE 6.1
Reconstructed spectrum of carbinolamine intermediate formed 
during schiff base hydrolysis in Ammonyx at pH 4,obtained by 
plotting e0(A )0 values in Table (6.1) versus wavelength (nm).
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Table 6.3
Table listing calculated values of carbine 1 amine
intermediate abs orbance during schiff base hydrolysis in
Ammonyx at pH 5, assuming ”k i tt = Xi.
e 1ength 
(n m )
€a CA]0 <xi Xi +<X2 X2 
"k, "
Gb CAlo
330 0.2517 0.0088 0.2429
340 0.3016 0.0158 0.2858
350 0.3524 0.0182 0.3342
360 0.3727 0.0155 0.3572
380 0.3251 0.0082 0.3169
390 0.2705 -0.0128 0.2833
400 0.2275 -0.0097 0.2372
410 0.1944 -0.0103 0.2047
420 0.1788 -0.0094 0.1882
430 0.1817 -0.0112 0.1929
440 0.1718 -0.0137 0.1855
450 0.1498 -0.0128 0.1626
460 0.1319 -0.0131 0.1450
470 0.1175 -0.0118 0.1293
480 0.0904 -0.0131 0.1035
490 0.0664 -0.0094 0.0758
500 0.0525 -0.0097 0.0622
510 0.0411 -0.0058 0.0469
520 0.0235 -0.0070 0.0305
530 0.0212 -0.0058 0.0270
FIGURE 6.2
Reconstructed spectrum of carbinolamine intermediate formed 
during schiff base hydrolysis in Ammonyx at pH 5,obtained by 
plotting £g(A)Q values in Table (6.3) versus wavelength (nm) .
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Tab 1e 6.4
Table showing values of wavelength (nm) and
abso rba nce (t=10secs) at pH 4 and pH 5 obtained from
mainfr ame  analysis of hydrolysis reaction in Ammonyx.
Wave lengt h Absorbance Absorbance
(nm) (t=10secs) (t=10secs)
pH 4 pH 5
330 0.1801 0.2375
340 0.1883 0.2827
350 0.2284 0.3291
360 0.2549 0.3558
370 0.2787 0.3542
380 0.2941 0.3226
390 0.3040 0.2929
400 0.3223 0.2460
410 0.3542 0.2114
420 0.3647 0.1905
430 0.3580 0.1905
440 0.3547 0.1749
450 0.3214 0.1533
460 0.2902 0.1349
470 0.2465 0.1181
480 0.1982 0.0970
490 0.1439 0.0715
500 0.1090 0.0593
510 0.0815 0.0433
520 0.0569 0.0319
530 0.0388 0.0275
FIGURE 6.3
Reconstructed spectra of species present 10 secs after 
pH-jump of N-retinylidene n-butylamine in Ammonyx to 
pH 4 and 5,obtained by plotting values of Abs.(t=10secs) 
in Table (6.4) from mainframe analysis versus wavelength (nm).
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secs and t = 0 secs respectively (spectra not shown).
The constructed spectra at pH 4 (figs.6.1, 6.3) can
in turn be compared with the actual continuous flow 
UV/vis. spectrum recorded 10 seconds after mixing the 
N - r e t i n y 1idene n-butylamine schiff base with 0.2M acetate 
buffer pH 4 (fig. 5.1) and again there is a good 
similarity. The spectrum in fig.5.1 does not have such a 
pronounced shoulder at around 370nm as the constructed 
spectra, but the peak is obviously not symmetric. It must 
be remembered that these spectra contain contributions 
due to unprot on at ed/proto nated schiff base and 
u n p r o t on ated/ pr otonate d intermediate. At pH 4 the 
majori ty of the schiff base is protonated with absorbance 
maximum at around 440nm, whereas at pH 5 the majority of 
the schiff base is in the unprotonated form with 
absorbance maximum at around 360nm. The proportion of the 
c a r b i n o 1 amine intermediate in the pro tonated /u nproton at ed  
form is dependent on the pK, value of this species.
6.3 Pre dic tion of the pK, Value of the Intermediate
Speci es
E xam ination  of the s t o p p e d - f 1ow traces recorded 
during the hydrolysis reaction in the various detergents 
enables a prediction of the pK. value for the 
carbino 1 amine intermediate. Figure 6.4 shows traces in 
SDS (360nm, pH 11), Ammonyx (370nm, pH 5), DTAB (370nm, 
pH 5.5) and Emulphogene (370nm, pH 6). It can be seen 
that in the traces recorded at pH 5-6 in Ammonyx, DTAB 
and Emulphogene, the initial absorbance at 370nm 
decreases during the first stage of reaction, whereas at 
pH 11 in SDS the initial absorbance increases at 360nm.
In the case of the schiff base a red-shift is 
indicative of protonation, with the protonated form 
having an absorbance maximum at 440nm compared to 360nm 
for the unprotonated form. If this is also true for the 
carb i no 1 am i ne species then at low pH (pH 5-6, Ammonyx, 
DTAB and Emulphogene) the red-shift observed in the 
stopped-flow traces would suggest an increase in 
protonation, and at high pH (pH 11, SDS) the blue-shift
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FIGURE 6.4
Stopped-flow traces showing transient absorbance changes 
during the initial stages of hydrolysis of N-retinylidene 
n-butylamine in SDS (36Onm,pHll) /Ammonyx (370nm,pH5),
DTAB (370nm, pH5.5) and Emulphogene (3 70nm, pH6).
(Taken from ref.69)
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observed would suggest a decrease in protonation of the 
carbinoiamine. This means that the pK. value of the 
c a r b i n o 1 amine is possibly around 7 - 9 .
The pK. value of organic molecules may be predicted 
by use of the Taft eq ua tion0 9 . The retinal carbinoiamine  
can be con sidered as a secondary amine (R 1 R 2 NH 2 ) so that 
the form of the Taft equation which is applicable in this 
case i s :
pK = 10.59 - 3. 23 Tcf#
where is an increment for substituents.
For the retinal carbinoiamine, R t =C4H* which gives a 
value of -0.25 for .
H
1
R 2 is of general form -C-Y where Y = -OH and
2
Z = -C H = C ( C H 3 )2 (as a model for the retinyl group).
For R 2 , 0 * =** for - CH2 OH (0.62) +** for -CH2 - C H = C (CH 3 )2 
(0), therefore =0.62.
Id* = 0.62 - 0.25 = 0.37
and so the predicted pK. value is around 9.4. This seems 
to be a reasonable value for the pK« of the carbinoiamine 
intermediate, but is obviously only an estimate.
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C H A P T E R  ~7
ID I S CU SS I ON AND C O N C L U S ONS .
Disc uss ion and Conclusions
A study of the formation and hydrolysis reactions of 
N - r e t i n y 1idene n - b u t y 1 amine schiff base in various 
aqueous detergent micelle systems has shown that these 
reactions have many features similar to classical imine 
reactions. The N - r e t i n y 1idene n-butylamine schiff base 
was chosen as a model for the visual pigment rhodopsin 
and the n-butylami ne moiety represents the lysine group 
in opsin to which the retinal is attached. The detergent 
mi celle systems allow some control over the environment 
of the model compound.
In a classical schiff base system the steady-state 
rate of formation increases as the pH is ra ised8 7 . This 
is because the formation reaction occurs by attack of 
unp rot onat ed  amine on the carbonyl group of the aldehyde, 
and as this is usually the rate limiting step, the 
reaction rate increases with pH because more of the amine 
is in the unprotonated form at high pH.
The steady-state rate of hydrolysis for a classical 
schiff base system gives a bell-shaped rate profile when 
plotted versus pH9 7 . This is because hydrolysis involves 
the nucleophi lic attack of water or hydroxide ion on the 
protonated schiff base species to form a carbinoiamine 
intermediate. At high pH this step is rat e-d etermining 
and so as the pH is lowered the rate increases. There is 
however a transition in rate determining step from the 
attack of water under neutral conditions, to 
dec omp os ition of the carbinoiamine intermediate under 
acidic conditions. This is because the breakdown of the 
intermediate requires de-protonation of the carbinoiamine 
species to form the zwitterionic form, and this is rate 
limiting at low pH.
Examination of the pH dependence of the steady-state 
rates of formation and hydrolysis of N - r e t i n y 1idene 
n-butyl ami ne shows that the results are consistent with 
the classical schiff base system0 9 . The steady-state rate 
of formation of N -r e t i n y 1idene n — b u t y 1 amine in Ammonyx, 
Emulphogene, DTAB and SDS detergents increases as the pH
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is raised from 2-13, (fig.3.17) and the ste ady-state rate 
of hydrolysis of N - r e t i n y 1idene n-butylamine, in the same 
detergents, exhibits a bell-shaped pH-rate profile 
(fig.1.1/), as would be expected from the classical 
reactions. This means that the formation and hydrolysis 
reactions of N - r e t i n y 1idene n-butylamine schiff base, 
like other schiff bases, should involve the formation of 
a tetrahedral carbinoiamine intermediate.
Kin etic transients consistent with this intermediate 
have been observed during the hydrolysis reaction using 
s to pped-fl ow spectroscopy. These transients can only be 
seen during hydrolysis at a pH near to the maxima on the 
pH-rate profiles and cannot be seen at all during the 
formation reactions. The reason for this is that the rate 
limiting step during formation in the pH range 8-12 (the 
range observable using s t o p p e d - f 1ow spectroscopy) is the 
nucl eo ph ilic attack of the amine on the aldehyde, which 
is the step where formation of carbinoiamine occurs.
It is interesting to note that in figure 3.17 the pH 
dependen ce of the rate of formation is very similar in 
the different detergent micelles, with the rate falling 
as the amine becomes protonated. In the case of 
hydrolysis (figure 1.17) the position and magnitude of 
the bell-shap ed pH-rate profiles are, however, influenced 
by the different micellar environments. This is most 
marked with SDS where the entire pH-rate curve is shifted 
to high pH, but even in this case the shape of the curve 
is still the s a m e .
The differences in the pH-rate curves of hydrolysis 
can be explained by examination of the acid-base 
di sso ci at ion of the schiff base in the different 
detergents. As was previously mentioned in Chapter 4, the 
apparent pK, (pH . id > of the retinyl schiff base changes 
depending on detergent (table 7.1) and this affects the 
position and magnitude of the rate curves. These 
variations in apparent pK* can be correlated to the 
anionic or cationic nature of the detergent which 
suggests that there is an electrostatic effect on the 
protonation equilibria.
The apparent pK, in the non-ionic detergent
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TABLE 7.1 Kinetic and Equilibrium Parameters for the Retinal/ 
n-Butylamine Reaction in Detergent Micelles*.
Ammonyx Emulphogene DTAB SDS
P K b h 10.75 10.75 10.75 ~ 1 1
P Hfn 1 d 4.85 6 . 1 5.84 9.54
n 0.77 1 0.77 1 . 1
p 0 -2.37 0 - 1 . 6 4.4
Ko <mM) 0 . 2 2 0. 13 0.25 ~0. 25
kx (s~M 0.31 6 .1 x 1 0 -* 7.9x10-° ^ 0 . 0 1
ka (M“ 1 s~1) 1 .2 x 1 0 * 2 .0 x 1 0 * 2 .6 x 1 0 * ~3x10°
k3  (s-1 ) .028 .026 .025 'v« 05
k_x (M_ 1 s_1) 4.Ox 10° 420 6500 ~ 2 x 1 0 °
k — 2  (s— 1 ) 1 . 1 x 1 0 -* 9.4x10“° 1.5x10“* ~0. 05
k _ 3  ) 124 371 153 ~ 1 0
ki/k-i 7.8x10“^ 1 .5x 1 0 “* 1 .2 x 1 0 “* ^5x10“'
k 3 /k _ 3 1 . 1 x 1 0 ® 2 .2 x 1 0 ® 1 .7x 1 0 ® ~ 6 x 1 0 *
k 3 /k — 3 2.3x10“* 7 .0 x 1 0 -° 1 .6 x 1 0 “* ^5x10“
* Except as indicated for SDS, where only order-of-magnitud 
estimates are available, typical maximum estimated error limit 
are as follows: pK»M , pHmioi, n, p 0  <+/- 0.05); K0  <+/— 1 0 %) 
rate constants <+/- 207.).
(Taken from ref.69)
Em ulphog ene is equal to 6.1 which is in agr eement with 
values obtained in other neutral d e t e r g e n t s 9 0 -9 1 . In the 
case of Ammonyx, which is neutral at high pH and cationic 
below neutral pH, p H , td = 4.85, for DTAB which is a 
cationic detergent, pH,i d = 5.84 and finally for SDS 
which is anionic, p H , td = 9.54. It can be seen therefore 
that a cationic detergent has the effect of lowering the 
pK, value of the schiff base because the presence of 
positive charge on the detergent micelle surface makes 
protonat ion of the schiff base more difficult. An anionic 
detergent has the opposite effect and raises the pK, 
value of the schiff base as the negative charges on the 
detergent micelle allow protonation to occur more easily. 
Similar effects in the presence of charged micelles have 
been reported el s e w h e r e 9 1 -9 2 .
In the case of SDS, the rate curve is shifted to such 
an extent that it seems likely that there are specific 
interactions between the cationic sulphonic acid head 
group of the SDS and the nitrogen in the schiff base, 
rather than the non-sp ecific delocalised effect of 
micellar surface potential in the case o.f Ammonyx and 
DTAB.
For the formation reactions, any effects of the 
different detergents on the protonation behaviour of the 
bu tyl amine would be important, but the pK, value of the 
but yla mine was found to be equal to 10.75 in Ammonyx, 
Emulphogene and DTAB (table 7.1). This value is 
consistent with the pK, value of but ylamine in aqueous 
solution and suggests that these three detergents have a 
negligible effect on the protonation behaviour of the 
n-butylamine. However pH titration of but ylamine in the 
presence of SDS detergent gave pK, values greater than 11 
which again suggests a specific interaction between SDS 
and, in this case, the butylamine.
Another feature which evolved from the spectral
acid-base titrations in the detergent micelle systems was
that in the plots of log [SH+ ]/CS] versus pH (fig.4.33),
the slope of the line is equal to unity only in the case
of Emulphogene. The slopes with Ammonyx and DTAB are
equal to 0.77 and with b D b equal to 1.1 which means that
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there is a deviation from ideal titration behaviour with 
these three detergents. This behaviour is observed even 
when different buffers are used and with different 
absorbance wavelengths.
In the case of Ammonyx it may be explained perhaps by 
the fact that this amine oxide protonates in a similar pH 
range to the schiff base. This means that the positive 
charges in the detergent micelle could affect the 
p ro to nation of the schiff base in such a way that n^l. 
Un fo rt unatel y there is not such an obvious expla nat ion 
for titration behaviour in DTAB or SDS. It is possible 
that the non-ideal behaviour in these detergents is due 
to changes in micelle surface potential as a result of 
ionic strength changes in the buffer counter-ions during 
the titration of the schiff base.
In Chapter 4 an empirical relationship between the 
micellar hydrogen ion activity CaH ) and the measured pH 
was given where:
paH = - p * + n.pH (4.4)
In this expression p* and n were used to represent the 
apparent pH shift and non -ideality respectively in the 
micellar detergent solutions. In the case of ideal 
titration behaviour n = 1 and p* is arbit rar ily taken as 
equal to 0 for the neutral detergent Emulphogene. This 
type of non-ideal titration behaviour can also be 
represented by a fractional protonation scheme where an 
unproto na ted schiff base (S) picks up n protons to form 
the species SHn + .
S + nH + SHn *
The dissociat ion constant of this protonation reaction is 
given by:
K= C S 1 [H* 1n / CSH„* 1
It is interesting to note that a very similar
situation is encountered with the visual pigment
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rhodopsin itself. The deviation of rhodopsin from ideal 
titration behaviour was first noted by Matthews et a 12 7 
who were studying the effect of pH on the met arh od opsin 
e qu il ibrium and found that the titration curve for meta I 
- meta II equil ibrium was not convergent with that of a 
m on opr oti c indicator base. They thought that the 
di ffe rences may be due to the ionic strength of their 
solvent as the departure from ideal behaviour was even 
greater at higher ionic strengths.
Later Parkes and L i e bma n 3 4 obtained the fractional 
value of n = 0.7 for the meta I - meta II eq uilibrium  and 
stated that as other investigators had also obtained 
fractional values it could not be due to systema tic 
experimental error. In the case of rhodopsin this 
"fractional protonation" is possibly due to non-ideal 
titration behaviour of some groups present in the protein 
environment.
If these abnormalities in the schiff base protonation 
behaviour of N - r e t i n y 1idene n-butylamine are taken into 
account, then the experimental data obtained from 
stead y-s tate and non-steady -state kinetics (table 7.1) 
are consistent with the mechanism proposed in Scheme 1 
(Chapter 4), and the pH-rate curves of N - r e t i n y 1idene 
n - b u t y 1 amine are consistent with those for c l a s s i c a 1 
schiff base formation and hydrolysis.
Another feature of classi c a 1 schiff base reactions is 
that attack of water on the protonated schiff base can be 
catalysed, and when conditions are such that this step is 
rate limiting, then the entire hydrolysis reaction may be 
subject to general base catalysis.
The effect of increasing the buffer conce ntration on
the hydrolysis rate of N - r e t i n y 1idene n-bu tyl amine has
been studied in Emulph og ene 4 9 and Ammonyx (Chapter 4).
The results obtained for Emulphogene showed that
steady-state rates of hydrolysis in the pH range 4-6
(where attack of water on protonated schiff base is rate
limiting) are dependent on buffer type and concentration,
and are subject to general base catalysis. In the case of
Ammonyx this effect was not seen as the values of \1 and
\2 changed very little when the final concentration of
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buffer was increased from 0 . 0 1  - 0 . 2 0  molar.
However, it is interesting to note that the value of 
k t obtained in Ammonyx experiments is much higher than 
the value of k t obtained in other detergents (table 7 . 1 ). 
As ki is the rate constant for the base catalysed attack 
of water on protonated schiff base, this observation  
would suggest that the hydrolysis reaction is already 
subject to base catalysis from the amine oxide groups in 
the Ammonyx detergent, and this will therefore mask the 
catalytic effect of other bases in solution.
Ex am ina tio n of the other rate constants in table 7.1 
shows that there is little variation in the values of 
k 2 , k 3 , k_ 2 and k_ 3 obtained in the different detergents 
(with the exception of SDS once again) and little 
variation in the ratios kt / k - i , k 2 /k _ 2 and k 3 /k_3 . The 
fact that the value of the ratio k t /k_i hardly changes, 
despite k t being much greater in Ammonyx than in other 
detergents, would suggest that the Ammonyx micelles do 
have a catalytic effect on the hydrolysis as the rate of 
forward and reverse reaction (kt and k _ t respectively) 
are both affected.
As was previously mentioned, the formation and decay 
of an intermediate species was directly observed during 
hydrolysis reactions using stopped-flow spectros copy and 
the kinetic data from these runs can be described by 
equation 2.14 which represents the rate express ion for a 
biphasic reaction. The stopped-flow spectroscopy showed 
that the formation and decay of intermediate could be 
observed most easily during hydrolysis reactions at a pH 
near to the peak in the pH-rate curve.
It is possible to estimate the steady-state 
accumul at ion of intermediate from equation 6.5;
[Sltot k 3 (6.5)
and this shows that in most cases the build up is less 
than around 5 % of the total schiff base concentrat i on. 
However, in the case of Ammonyx, the high value of ki 
under certain conditions (which will affect the value of
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kh ydro i ) causes an increase in intermediate concentrati on 
to around 50% of the total schiff base concentration, 
mak ing det er minat ion of the intermediate an easier 
p r o c e s s .
The absorba nce  spectrum of the intermediate has been 
estimated (Chapter 6 ) and is very similar to that of the 
schiff base itself. The spectrum is dependent on pH, and 
the pK. value of the carbinoiamine is estimated to be in 
the region 7-9.
The contin uous-flow  resonance Raman spectrum of the 
intermediate has been recorded in aqueous Ammonyx 
micelles during experiments involving a pH-jump to pH 4 
or 5 (Chapter 5). Definite changes have been observed 
between the carbinoiamine intermediate spectrum and the 
parent schiff base spectrum. These differences are much 
less marked when Emulphogene or SDS are used as 
detergent, presumably because the c o n c e n t r a t i o n  of 
intermediate present is so much lower.
Hydrolysis reactions in Ammonyx deter ge nt/ D2 0 at pD 4 
occurred much more slowly than reactions in water at pH 
4, giving a solvent isotope effect, k (H 2 0) /' k (D 2 0) , of 
around 2.3 (Chapter 4). This value is similar to the 
observed solvent isotope effects of other schiff b a s e s 9 3  
and led to the conclusion that the transition states for 
these hydrolysis reactions resemble the protonated 
carbinoiam ine more closely than the re actant s9 3 *9 4 .
The c o n t i n u o u s - f 1ow resonance enhanced Raman spectrum 
of the carbinoiamine intermediate is very similar to the 
published spectrum of the met arhodopsin II intermediate 
formed during the bleaching sequence of the vi s u a 1 
pigment rhodopsin (figure 5.17). This would suggest that 
the me tarhodopsin  II intermediate is a stabilised form of 
a carbi noiamine intermediate which has been formed during 
the hydrolysis of the schiff base linkage present in the 
visual pigment rhodopsin. This means that the hydrolysis 
of the schiff base must have started at the metar hodopsin  
stage of the bleaching sequence, as previously suggested 
by Cooper and C o n verse 2 0 .
Support for this theory was obtained from isotopic
labelling experiments involving photoreceptor
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m e m b r a n e s 4’ . Bovine rod outer segment membranes were 
exposed to oxygen - 13 enriched water during the 
m et ar hodops in  I - met arhodopsin I I transition of the 
rhodopsin bleaching sequence. Retinal was extracted and 
1 o w- re soIuti on  mass spectrometry showed that 1 3 0 had been 
incorporated into the retinal. Infra-red spectra of the 
r e t i n a 1 showed that there was an isotopic shift in the 
carbonyl stretch mode of this extracted retinal, compared 
to commercial a 1 1 -trans retinal or retinal extracted from 
bleached rod outer segment membranes. These results show 
that hydrolysis of the schiff base linkage occurs during 
the meta I - meta II transition. No isotopic labelling by 
180 enriched water was observed prior to the meta I 
intermediate nor when meta I - containing membranes were 
incubated in labelled water.
G. Wald et al in 195030 had observed that the 
ble aching sequence of rhodopsin stops at the meta I stage 
in the absence of water, and that meta II and subsequent 
intermediates were formed when water was added which 
would suggest that hydrolysis was occurring at this 
stage. In addition to this it is known t-hat small, 
wa ter -sol ub le  molecules like sodium bor ohydride and 
hydroxy 1 amine do not attack the chromophore of rhodopsin 
before the met arhodop sin stage in the bleaching cycle, 
presum abl y because at this stage the schiff base linkage 
is exposed through unfolding of the protein, whereas 
beforeh and  it was b u r i e d 1 4 ’9 3 . It would therefore seem 
likely that a similar situation would occur with water 
itself.
Cooper and C o n ve rse 2 0 studied the energetics of the 
meta I - meta II transition and found that this stage 
involved the uptake of lOkcal/mole which is similar to 
enthalpies of hydrolysis of model schiff base compounds 
(8-12 kcal/mole). Furthermore this transition was found 
to be the only spontaneous endothermic step to occur 
during the bleaching se que nc e9 6 .
Features which have been observed during the
hydrolysis reactions of model retinal schiff b a se s 6 9 have
also been observed during kinetic studies of the meta I
meta II tra n s i t i o n ’4 '3 3 '3 6 . These similarities include
^
complex reaction kinetics, protonation changes and 
possible base catalysis.
When all this information is considered along with 
results of the experiments with i a 0  enriched w a t e r 4 9  and 
the resonance Raman spectra (this work) then there 
certainly would appear to be evidence that hydrolysis has
started at the met arhodopsi n stage of the bleaching
sequence. It is not possible to establish from the
labelling experiments if the formation of the aldehyde is
complete by the meta II stage and the resonance Raman 
spectra would certainly suggest that meta II is more 
likely to be a stabilised carbinoiamine intermediate. 
Ex traction  of the retinal from meta II after the 
labelling experiments would cause the formation of 
labelled retinal as the carbinoiamine intermediate would 
c o 1 1 a p s e .
It is interesting to note that when Matthews et al 2 7 
were studying the tautomeric forms of meta rh odopsin  they 
noted that meta II "has an absorption spectrum close to 
that of free retinal, but contains all-trans retinal 
still attached to opsin at the chromophoric site". They 
did not think that hydrolysis had started at the 
metarhodop si n stage because of the fact that irradiation 
of meta II with UV light produced the parent rhodopsin, 
and because of the rapid interconversion of meta I and 
meta II. However, if meta II is a stabilised tetrahedral 
carbinoiamine intermediate, held in the specific retinal 
binding site of opsin by non-covalent interactions or by 
the carbinoi amine linkage, then the above observations 
would hold true, even though hydrolysis had started.
In order to allow a mechanism for schiff base 
hydrolysis to be postulated it is necessary to consider 
the types of molecular interactions which could occur in 
the rhodopsin chromophore binding site and which would 
stabilise the carbinoiamine linkage. Before this is 
possible there are certain differences between the model 
schiff base compounds and rhodopsin which must be 
cons i d e r e d .
□ne major difference is the fact that in the 
formation reactions of the model schiff base compounds it
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is known that the attacking amine must be in the 
un pro to na ted form and, as the attack of amine on the 
aldehyde is usually r a t e - 1 im i t i n g , reaction rates fall 
rapidly with pH below the pK* of the base. This schiff 
base formation reaction is analogous to the regeneration  
of pigment by recombination of the appropriat e retinal 
c hro mophore  with either bleached rhodopsin or
bacteriorhodopsin, both of which are rapid and
spontaneous at physiological pH9 7 •9 3 .
If the formation mechanism is the same for the model
schiff bases and the retinal pigments then it means that
the active lysine group in opsin must be unprotonated, or 
only partially protonated, at physiological pH. This 
lysine group must therefore have a pK» value of around 7, 
rather than the more typical value of around 1 0  for a 
primary amine, and it must be subject to environmental 
effects which have caused this decrease in pK. value.
Previous studies on the energetics and pr otonation  of 
bovine rhodopsin showed that an additional titrating 
group on opsin with a pK, value of around 7 is exposed 
during photolysis, and it was suggested that this group 
is the schiff base lysine and that the low pK, value may 
be induced by a nearby positively charged group on the 
protein (possibly another lysine group or an arginine 
g r o u p ) 2 0 .
It has been shown that the schiff base enzyme 
ac eto acetate  decarboxylase contains an active lysine 
group with a pK. value of around 6 , and this low pK, 
value was ascribed to the electrostatic effect of nearby 
positive c h a r g e s 9 9 . In addition to this, work on diamines 
has suggested that the pK. value can be reduced by 3-4 
units in the presence of a single positive charge 
positioned within a few Angstroms of an amino g r o u p 1 0 0 .
It would seem likely therefore that the active lysine 
in the retinal binding site has an ano malously low pK. 
value, possibly due to electrostatic interactions of an 
adjacent positively charged group.
This theory leads to problems when considering the 
unbleached visual pigment, because the interactions which 
caused the lowering of the lysine pk.« value in the
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apo-pr ote in would also be expected to lower the pkl* of
the retinal schiff base linkage in rhodopsin. It is known
however that the schiff base linkage in unbleached 
rhodopsin is protonated and remains protonated over a 
wide pH range which would suggest a high pK, value.
The actual value of the schiff base pK, has not been 
determined for rhodopsin but a value of 13.3 has been 
measured in the case of b a c t e r i o r h o d o p s i n 10 1 . This 
an omalou sly high pK, value could be explained by 
suggesting that there are ma i or protein conf o rmat i o n a 1 
differences between opsin and rhodopsin which would cause 
changes in the electrostatic environment of the binding 
site. Model schiff base hydrolysis experiments in aqueous
detergent micelles have shown that the micellar
environment can have a marked effect on the pK, value of 
the schiff base - especially in the case of the anionic 
detergent SDS, where a value of 9.5 was obtained for the 
p K . . It is possible therefore that major conformational 
changes could introduce a negativel y charged group into 
the vicinity of the schiff base in rhodopsin and cause a 
high pK, v a 1u e .
Alternati vely it can be assumed that the retinal 
binding site does not change markedly during 
recombination, and if this is the case, it is possible to 
devise a scheme which can account for many basic 
observations in rhodopsin chemistry. If the chromophore 
binding site is the same in opsin and rhodopsin, then the 
adjacent positively charged group responsible for the low 
pK. value of the active lysine in the retinal binding
site could form an (-NH....... N- ) + hydrogen bond with the
nitrog en atom in the retinyl schiff base, thus causing 
the schiff base to have an anomalously high pK, value. 
This explanation is consistent with the fact that there 
is no overall change in protonation during bleaching and 
regeneration of rhodopsin or bacteriorho dopsin at neutral 
pH2 0 - 1 0 3  and has been suggested previously by Cooper and 
C o n v e r s e 2 0 .
One problem with this explanation is the fact that 
the nitrogen atom on the adjacent lysine group is more 
basic than that in the schiff base linkage, which means
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that in the hydrogen bond the proton is likely to be 
nearer to the more basic donor group. It has, however, 
been shown that the position of the H-bond proton in 
protonated amine-imine hydrogen bonds is dependent on the 
relative orientations of the donor and acceptor groups, 
and that slight changes in orientation can cause reversal 
of the relative pK. values of these groups, along with 
proton transfer from one nitrogen to a n o t h e r 1 0 3 . It has 
been suggested that a process of this type may be 
involved in the mechanism of the proton t r a n s 1 ocation in 
b a c t e r i o r h o d o p s i n 1 0 3 .
Picosec ond  spectroscopy has been used to study the 
kinetics of the primary intermediate bathorhod opsin 
formed during the visual process, and deuterium labelling 
experiments led to the theory that this step involves a 
proton t r a n s 1o c a t i o n 10 4 . It would seem likely that the 
cis-trans photois omerisati on of the rhodopsin chromo phore  
would cause slight changes in orientation of groups in 
the region of the binding site, and this could result in
a proton t r a n s 1ocation within the - N H  N- hydrogen
b o n d .
The fact that the bathorhodopsin  intermediate is 
red-shifted with respect to the parent rhodopsin would 
suggest that the schiff base in rhodopsin is only 
partially protonated, and that the proton t r a n s 1 ocation 
results in the proton lying nearer to the nitrog en of the 
schiff base linkage in bathorhod opsin  than in rhodopsin. 
Alt ern ativ el y it could be that the red shift is due to 
strain in the molecule as a result of the chromophoric 
isomerisation, and the proton transfer could be away from 
the nitrog en of the schiff base.
Recently it has been shown that it is possible to 
form a permethy 1ated rhodopsin where the ten non-active 
site lysines are methylated, and this pigment behaves in 
the same way as rhodopsin as far as bleaching, 
regeneration and activation of GTPase (G protein) when 
photolysed, and has an identical UV/visible spectrum to 
r hodops in 1 0 1 . If the proposed model for the binding site 
of rhodopsin is correct, where protonation of the schiff 
base nitrogen is by H-bonding to an adjacent lysine
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group, then this H-bonding would still be possible after 
methyl at ion of the adjacent lysine. It would seem likely 
however that d i m e t h y 1 ation of this lysine would cause 
slight changes in the chromophoric region which would 
change the spectrum. As the spectrum is unchanged it may 
be that the adjacent group involved in H-bonding is in 
fact an arginine group.
Further work on this permethylated pigment produced a 
pigment with a methylated active-site lysine and 
p e r m e t h y 1ated non-active site lysines1 0 6 . This pigment 
absorbs at 520nm (i.e. is red-shifted with respect to 
rhodopsin itself) and, as the methylated schiff base 
nit rog en must carry the full positive charge due to its 
inability to H-bond, this red-shift would suggest that 
rhodopsin itself is only partially protonated.
No matter what is causing the perturbations, and the 
abnormal pK« values, the effect on the rhodopsin system 
is to stabilise the retinyl chromophore under 
physiological conditions. In the model compounds it can 
be seen that the amine (butylamine in this case ) has a 
high pK. value of around 10.75 and the imine has a low 
pK. value of around 6 . In rhodopsin however the values 
are reversed so that the amine group (lysine) has a low 
pK. value of around 7 and the imine would appear to have 
a high pK. value.
In the model schiff bases the fact that p K g H> pK 9H 
means that K 8 H >KBh and it can be seen from figure 7.1 and 
equation 6 . 1  that the thermodynamic stability of these 
model compounds decreases rapidly below the pK of the 
amine (pKB w ).
Rhodopsins on the other hand are stable at neutral pH 
and their chromophores do not hydrolyse in the way that 
model schiff bases do under these conditions. This is 
because reversal of the pK« values means that Kg h (K b h and 
so the rmodynamic stability of the schiff base linkage in 
rhodopsin is greatest at low pH. The stability of the 
schiff base in rhodopsin cannot simply be kinetic, due to 
pro tonation or inaccessibility of water molecules, 
because the regeneration of the schiff base from retinal 
and opsin is spontaneous under the same physiological
FIGURE 7.1
Observed dissociation constants (Kobs.) as a function of pH 
for N-retinylidene n-butylamine in 2% aqueous Emulphogene, 
determined from equilibrium absorbance changes ( A A) over a 
range of butylamine concentrations (Btot.).
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(Taken from ref.69)
cond i t i o n s .
There are therefore many points which must be 
considered when working out a plausible mecha nism for the 
m e tarh od op sin transition, and these include: (a) the meta
I - II transition is an equilibrium reaction involving 
the uptake of a pr ot o n 2 0 * 2 7 and the bleaching sequence 
does not proceed past meta I in the absence of w a t e r 3 0  
(b) labelling experiments have shown that 13Q is 
incorporated into retinal from 1SQ labelled water at the 
m e tarh od op sin sta ge 4 9 (c) the kinetics of the meta
transition exhibit specific base cataly si s 3 6  (d) the 
opsin shift can be rationalised by placing a negative 
point charge near to the schiff base linkage in 
r ho d o p s i n 4 4 (e) it would seem likely that there is an 
additional basic group (arginine or lysine) in the 
vicinity of the schiff base nitrogen and this basic group
is possibly - N H  N- hydrogen bonded to the schiff base
group 2 0  (f) the retinal binding site is el ec trica lly 
n e u t r a l 1 0 7  and (g) the continuous flow resonance Raman 
spectrum of the carbino 1 amine intermediate formed during 
schiff base hydrolysis is very similar to the Raman 
spectrum of the meta II intermediate (this work).
Taking these points into account, a scheme for the 
reactions occurring at the metarhodopsin transition is 
shown in figure 7.2, and events leading up to this scheme 
can be suggested.
The initial photon absorption by rhodopsin causes a 
rapid isomerisation of the 1 1 -cis retinal chromophore to 
the all-trans retinal isomer, which leads to slight 
changes in the relative positions of the schiff base 
group and the adjacent group which is donating the 
H-bond. This reorientation causes a reversal of the 
relative pK. values of the two groups and results in 
proton t r a n s 1ocation along the H-bond towards the 
nitrogen of the schiff base group to form the 
bathorho dopsin intermediate. The fact that bathor hod opsin  
is fully protonated explains the red-shift which occurs 
during this initial stage of the bleaching sequence. It 
is also possible that the large energy storage observed 
at this s t a g e 1 0 3 * 5 1 may be partly attributed to the
FIGURE 7.2
Suggested scheme for the hydrolysis of the retinal schiff 
base chromophore in the active site of rhodopsin as a 
possible model for -the meta I-II transition.
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de stabi li sa tion of the -NH...N- bond during proton 
t r a n s 1 o c a t i o n . It is unlikely that any other protein 
conformational changes occur as this conversion of 
rhodopsin to ba tho rhodo psin takes place in less than 6  
p i c o s e c o n d s .
It is envisaged that structural relaxation in the 
active site vicinity occurs at the 1 umirhodopsi n stage, 
followed by more widespread conformational changes at the 
meta I stage as the protein relaxes to accomodat e the 
all-trans retinal configuration.
It is now likely that the sta bilisation of the schiff 
base by the groups in the active site has been reduced as 
a result of the protein conformational changes, and that 
water may gain access to the active site. This water can 
attack the schiff base linkage to form the c a r b i n o 1 amine 
species (step 1 , figure 7.2) and the hydrolysis reaction 
could be base catalysed by the nearby point charge 
(conjugate base of glumatic or aspartic acid).
The configur ation about the carbon atom of the schiff 
base linkage changes from trigonal to tetrahedral which 
results in reorientation of groups in the active site, 
breaking the hydrogen bond between the adjacent group and 
the schiff base nitrogen. This allows the more basic 
c a r b i n o 1 amine to become protonated (step 2 ) and is the 
step involving proton uptake.
The c a r b i n o 1 amine can exist in various ionisation 
states and it is the zwitterionic form which decays to 
form the hydrolysis products. This step involves 
de pr oto nat ion of the carbinol releasing the proton to the 
solvent, but this is inhibited by the presence of the 
adjacent carboxylate anion.
It is possible that this released proton could be 
transferred to the carboxylate group to form a carboxylic 
acid group and this is consistent with FT IR difference 
spectra which show that changes occur in carboxylate 
protona tio n at the metarhodopsin stage of the bleaching 
se q u e n c e 1 0 9 , 1 1 0 . This carboxylate anion protonation is 
step 3  in the mechanism and results in zwitterion 
formation. This zwitterion can then collapse breaking the 
schiff base linkage and leaving retinal in the active
site, still held in place by non-covaient interactions 
(step 4). This complex will however be very unstable 
because of the presence of the all-trans retinal isomer 
in the 1 1 -cis isomer binding site, and this instability 
leads to irreversible retinal dissociation (step 5 ) which 
could involve the formation of other schiff base linkages 
with amine groups present in the vicinity.
It is difficult to say which of the species in this 
scheme can be assigned to the meta I and meta II 
intermediates of rhodopsin photolysis. The resonance 
Raman spectra would suggest that the meta II intermediate 
is similar to the c a r b i n o 1 amine intermediate, but the 
X««* value of 380nm for meta II would suggest the 
presence of the retinal aldehyde. It would seem likely 
that the me tarhodopsin II intermediate is a mixture of 
carbino 1 amine / retinal and that the individual species 
cannot be resolved in the UV/visible spectra.
The meta I - meta II transition is a very important 
stage of the bleaching sequence because it has been shown 
that chemical inhibition of this transition blocks the 
ac tivation  of the G-protein and subsequent b i o c h e m i c a 1 
steps which are thought to be involved in the generation 
of the nerve impu lse 1 0 6 . It is possible that the change 
from trigonal to tetrahedral configuration at the 
r e t i n a 1 -ops in linkage during c a r b i n o 1 amine formation 
could therefore be the driving force for activatio n of 
the enzyme cascade.
It is also interesting to note that if the mechanism 
in figure 7 . 2  is correct, then monomethy 1 ation of the 
active site lysine 1 0 6  would affect a hydrolysis reaction 
as much as a deprotonation.
If the schiff base nitrogen had a methyl substituent 
in place of hydrogen, then it would seem likely that the 
e le ct ron-donati ng methyl group would stabilise the 
positive charge on the nitrogen group, slightly reducing 
the susceptibility  of the schiff base linkage to 
hydrolysis. The presence of the met'nyi group may also 
change the ease of occurrence of some of the steps in the 
mechanism. Figure 7.3 shows what may happen in the 
presence of a methyl substituent.
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FIGURE 7.3
Scheme for the hydrolysis of the retinal schiff base 
chromophore in the binding site of rhodopsin when the 
nitrogen of the active lysine group is methylated.
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The first, step involving addition of water would 
result in the formation of the carbinoiamine species, but 
would leave H + ions which could protonate the nitrogen of 
the active lysine, or more likely, the carboxylate anion.
Step 2 would be as before, where a proton is taken up 
by the nitrog en of the lysine, but it is now very 
difficult to form a zwitterionic species as the 
carboxylate group is already protonated, and this would 
very likely cause a reduction in the rate of hydrolysis, 
as was observed during these merhylation experiments.
The meth ylation  experiments do not therefore prove 
that the meta I - meta II transition is schiff base 
deprotonation, but rather that the presence of a methyl 
subs t ituent on the nitrogen of the active lysine inhibits 
the formation of meta II, the species responsible for 
acti va tion of the photoreceptor response.
Overall, the results of experiments in this thesis, 
along with evidence from other work, would strongly 
suggest that the hydrolysis of the specific schiff base 
linkage in the visual pigment rhodopsin starts at the 
m e t a r hodo ps in stage of the bleaching sequence.
It has already been suggested that met arhodo ps in II 
is the trigger which activates the enzyme cascade and 
further work will need to be done in this area before the 
complete sequence of events leading to the nerve impulse 
is di s c o v e r e d .
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A p p e n d i x  1
Pr inciples of Raman Spectroscopy
To obtain a Raman spectrum of a molecule the sample 
is irradiated with monochr oma tic radiation usually in the 
visible region. The fixed frequency exciting light is a 
travelling wave of electric and magnetic fields and it is 
the electric component which produces Raman scattering. 
The electric field exerts a force on all the electrons in 
the molecu le causing them to oscillate and displacing 
them from their average positions around the positiv ely 
charged nuclei. For the Raman effect these displacements 
must result in an induced dipole moment >1 in the 
molecule, which is proportional to the electric field 
strength, E 7 4 .
P = <x E
The prop or tionality constant <x is called the 
p o 1a r i s a b i 1ity tensor. In anisotropic molecules i.e. 
molecules that are not spherically symmetrical, the 
vectors and E have different directions and the 
magnitudes of the three components defining ji, na mely ,
, jj, are related to the magnitude of the ele ctric field 
E by the following relationships:
)■*« <Xx x E *  <Xx y Ey z E i
j-*y <Xy K E  X ^ <Xy y E y ^ <Xy I  E ,
"  <Xl X Ex ^ <Xz y E y + <Xz Z E *
Thus each component ( jj* , yxy  , j i ,  ) of the induced dipole
moment jj is dependent on each component (Ex , E y , E, ) of
the electric field E. The nine components j are called 
the components of the p o l a r i s a b i 1ity tensor which are 
constants independent of jj and E.
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As the molecule vibrates it undergoes nuclear 
displa cem ents and the charge distribution, and therefore 
the p o 1a r i s a b i 1i ty, constantly changes. For small 
displacements from the equilibrium confi gurat io n the 
p o 1 a r i s a b i 1 ity for say the K component can be written 
as :
where <xG is the induced equilibrium po 1 ar i sab i 1 i ty along 
the x dire cti on by the electric field component E„ (i.e. 
the p o 1a r i s a b i 1 ity element of the non-vibra ting 
molecule). For a normal mode p undergoing simple harmonic 
motion, the normal coordinate Qp varies as a function of 
t i m e :
where is the time independent amplitude of the normal 
coordinate Q.p and yp is the frequency of the normal 
vibration of the molecule.
The electric field of the light wave also varies with 
t i m e :
where y is the frequency of monochromatic radiation which 
is plane polarised in the x direction and E° is the 
amp litude of the electric field.
The induced dipole moment becomes:
= Q P cos 2 uyP t
E* = E° cos2iryt
P h = <cK «E, = <Xo + Q?cos2nyP t E° cos2iTyt
<Xo E° cos2myt + Q? E° cos2ttyp t cos2Tiyt
<Xo E° cos2mvt + 1/2 Q? E° c o s 2 tt( y+yP ) t
+ cos 2 Ti(y-yP )t
(using cosAcosB = l/2[cos(A+B) + c o s ( A - B ) ]
This equation demonstrates that when a light wave 
interacts with a vibrating molecule, the induced dipole 
moment ( in this case), has three components 
c on tributi ng to its time dependence. The first term on 
the right hand side of the equation is a com ponent which 
is vibrating with the frequency of the incident light (y) 
with a mag nitude determined by <xQ and E° . This is the 
Rayleigh line which is due to light emission of the same 
frequency as the incident but is observable in directions 
which differ from the incident.
The second term is due to the anti-Stokes scattering 
which occurs at the shifted frequency (y+ y p ) i.e. the sum 
of the frequencies of the light and the molecular 
vibration. Finally the third term is from the Stokes line 
at a frequency of (y-yp ) which is the light frequency 
minus the molecular vibration. Both the second and third 
term have magnitudes which depend on the field strength 
of the light, the amplitude of vibration and the 
p o 1a r i s a b i 1 ity derivative,
which is proportional to the intensity of a vibrational 
Raman band.
Althou gh this classical derivation illustrates the 
Raman shifted frequencies at (y+yr ) and (y-yP ), it also 
incorrectly implies that the two sets will occur with 
equal intensity. The actual intensities of the Stokes and 
ant i-Stokes lines are principally determined by the 
Bolt zma nn factor characterising the vibrational 
p o p u 1 at i o n :
N
—  = exp(~AH/kT)
No
where N Q is the population of the initial state, N the 
population of the final state and the energy
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difference between the initial and final energy levels. 
For high frequency vibrations the Stokes lines are 
relatively intense, whereas the anti-Stokes lines are 
ext remely weak or non-existent as they depend on 
significant population of the upper vibrational levels.
This deri vation has only considered the * component 
of the p o 1a r i s a b i 1 ity tensor but the other compone nts  can 
be written in a similar way.
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A p p e n d i x  2
E l e c t r o n i c  S p e c t r a  of R e t i n a l
The primary reaction in vision is the cis-trans 
isomer isation of retinal which follows the a b s o rp tion of 
light by rhodopsin. Retinal is a polyene aldehyde which 
contains a chain of five carbon-carbon double bonds in 
co njugati on with a carbonyl group. The mobile it electrons 
of polyenes are responsible for most of the known 
spe ctr os copic properties, and these tt electrons are 
deloc ali sed over the molecule leading to a resonance 
st abi lisatio n of the system. The single bonds obtain some 
double bond character and the double bonds cease to be 
pure double bonds, so that all the bonds in the polyene 
backbone have some double bond character and this tends 
to result in polyenes having a planar configuration.
In the isomers of retinal there is steric hindrance 
due to bulky methyl substituents on carbon atoms 1,5,9 
and 13 causing strain in the molecules. The relaxation of 
this strain takes place via torsional motion about 
rotatable bonds, along with some bond stretching and bond 
angle bending, preventing the typical planar 
configuration.
Usu ally this steric hindrance is greater in the cis 
config ur ation so that isomers containing cis bonds are 
usually less stable than those with trans bonds. This 
steric hindrance in cis isomers is accompanied by a shift 
in maximum absorbance to shorter wavelen gth and this 
shift is associated with the distortion of the polyene 
chain from planarity.
The electronic spectrum of a molecule containing just 
one isolated double bond or a lone pair of electrons 
would consist of a strong absorption maximum at around 
190nm in the ultra-violet region. When the molecular 
orbitals of two isolated double bonds are brought into 
conjugation, the energy of the highest occupied bonding 
orbital is raised and that of the lowest unoccupied 
anti-bonding orbital is lowered, so that the energy of
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the transition from the it bonding orbital to the ti* 
anti-bonding orbital is lowered resulting in a transition 
at longer wavelength.
When more than two n bonding orbitals overlap, such 
as in a longer conjugated system like retinal, the 
se paration of the energy levels is even further reduced 
and ab sorption can occur at longer wavelength, in the 
visible region. This accounts for the fact that retinal 
absorbs in the visible region.
With polyene aldehydes, in addition to the 
transitions of tt electrons from molecular orbitals,
there are transitions from the non-bonding orbital (n) on 
the oxygen atom of the carbonyl group, to the 
an ti-bondin g orbital it*. These n-»TT* transitions tend to 
be very weak and could be partially responsible for the 
observed broadening of the bands in the abso rption  
spectra of polyene aldehydes.
During this work all-trans retinal was the 
chromo pho re in the model schiff base compounds, and there 
are two abs orption  bands present in the el ec troni c 
spectra of the retinal, an intense peak at app ro ximatel y 
380nm and a weaker band at around 280nm. Assignments of 
these transitions are normally made in terms of the 
transitions to the lowest it* excited states of linear 
p o 1 y e n e s 1 b • i1 1 .
As an example butadiene, which is the simplest 
polyene, has four it electron molecular orbitals which can 
be labelled 1 to 4 in order of increasing energy (fig.
1). Orbitals 1 and 2 are bonding orbitals and 3 and 4 are 
anti -bo nding orbitals. In the ground state configura tion 
(To), orbitals 1 and 2  each contain two electrons while 
orbitals 3 and 4 remain empty. There are four singlet it 
electron excited state configurations (Ti, T s , T a , T a ) 
where a single electron is removed from orbital 1 or 2  
and added to orbital 3 or 4. The arrows indicate the spin 
pairing corresponding to the singlet configurations.
From these four excited configurations it is possible 
to form four excited singlet states namely, 1 A 5 , 1 B* , 1 A;
and 1 B u . These excited states are assigned the labels 
which are determined by their symmetry properties. Linear
FIGURE 1
Ground state and excited state electronic configurations 
of butadiene.
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polyenes such as s-trans butadiene belong to the C 2h 
point group. The ground state is totally symme tri c and is 
represented by 1 A 5 where the g indicates that the state 
is symmetric with respect to inversion through the centre 
of symmetry of the molecule (u is a n t i -s y m m e t r i c ). The 
excited states have dominant contributions as follows:
‘ B i ,  f x  ; 1 A ;  , ?2 + t 3 ; 1 B z  , ?4 .
Triplet excited states also exist but as the ground state
con fi gu ration  is singlet, transitions to triplet excited
states are spin forbidden. Only g— >u transitions should 
be allowed for molecules with a centre of symmetry.
The transition from the 1 A 5 ground state to the 1 B£ 
excited state is strongly allowed and cor responds to the 
main absorbance band in polyene spectra. The two 1 Ag 
states correspond to forbidden transitions from the 
ground state and the 1Bj is weakly allowed. If one or 
more of the double bonds becomes cis then the centre of 
symmetry is destroyed and a transition to the 1 A£ state 
becomes allowed (the subscript g is no longer valid as 
the centre of symmetry has been destroyed). This explains 
the extra "cis peak" that is seen on the spectra of the 
cis i s o me rs1 1 2 . The other excited state remains
forbidden even in cis polyenes.
It is very difficult to assign the level order of the 
low-lying excited singlet states of polyenes because of 
the broadening of the peaks in the spectra which has been 
shown to be mostly due to torsional inhomogeneity around 
the 6-7 single b o n d 1 1 3 . Spectroscopic and theoretical 
studies have led to controversy over the ordering because 
there are three low-lying excited states that are very 
close in energy, namely the 1Bj and 1 Ag states giving 
rise to transitions, and the 1 nix* state giving rise
to an n — >tt# transition. There is also evidence to suggest 
that the relative ordering of these excited levels is 
dependent on solvent, temperature and c o n f o r m a t i o n 1 1 4 .
With all-trans retinal, the main absorption band at 
380nm has generally been accepted to be due to the 
allowed transition from the 1 Aq ground state to the
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low-lying 1Bs excited state. The assignment of the 2B0nm 
band has also been subject to considerable controversy.
It was suggested that it may be associated with a 
transition to the lowest 1 niT# s t a t e 1 1 4 but later work 
shows that it is more likely to be due to the transition 
to the 1 A$ state which was referred to as the "cis 
p e a k " 1 1 3 . This should be forbidden in the spectra of the 
all-trans polyenes but is weakly allowed in the polyene 
aldehydes. This is because, although most of the features 
that charac terise the various states in the polyenes are 
still present in the polyene aldehydes (even though the 
symmetry designations are no longer valid), there is a 
dif ference in that all the transitions become weakly 
allowed even in the trans isomer. The "cis peak" has a 
very weak intensity in the all-trans isomer, gains 
intensity in the s-cis isomer and becomes even more 
intense when the cis bond approaches the centre of the 
polyene chain. Honig and co - w o r k e r s 1 1 3  assign the 280nm 
band as the "cis peak" by showing that the intensity of 
the transition is very sensitive to the 6,7 dihedral 
a n g 1 e.
During these experiments the absorpt ion peaks of most 
interest are those due to the main transition to the 1 B£ 
state i.e. the 380nm band for all-trans retinal, the 
360nm band for the unprotonated retinal schiff base and 
the 440nm band for the protonated schiff base.
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The Mechanism of Retinal Schiff Base Formation and Hydrolysis in 
Relation to Visual Pigment Photolysis and Regenerationi
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ABSTRACT
The mechanism o-f formation and hydrolysis o-f 
N-retinylidene-n-butylamine, as a model of the rhodopsin 
chromophore, has been investigated by a study of the kinetic and 
equilibrium properties in aqueous anionic, cationic and neutral 
detergent micelle systems. The pH dependence of steady-state 
formation and hydrolysis rate constants is consistent with the 
classical imine reaction mechanism involving tetrahedral 
carbinolamine intermediates. Kinetic transients consistent with 
such intermediates can be seen using rapid stopped-flow 
techniques. Hydrolysis rates in neutral detergent micelles 
exhibit general base catalysis, and there are pronounced 
detergent-specific effects which can be qualitatively 
interpreted in terms of ionic effects on Schiff base pK« and 
micellar hydrogen ion activities. This suggests a rational 
explanation for the anomalous pKA and thermodynamic stability of 
visual pigment chromophcres under physiological conditions. The 
tetrahedral intermediate has been observed directly at room 
temperature by continuous-f1ow, pH-jump resonance Raman 
spectroscopy, and the spectrum of this transient species shows 
remarkable similarity with the previously reported Raman 
spectrum of the metarhodopsin II intermediate of bovine 
rhodopsin photolysis. Isotope-labelling experiments on bovine 
photoreceptor membranes exposed to oxygen-18 enriched water 
during bleaching show incorporation of le90 at the retinal
aldehyde site during the metarhodopsin I --- > II transition.
These observations support the hypothesis that the vertebrate
Meta I ---> Meta II transition involves hydrolytic attack by
water on the retinyl-1ysine Schiff base linkage of the rhodopsin 
chromophore.
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INTRODUCTION
Visual pigment rhodopsins and related proteins -from various 
organisms are characterized by the presence o-f the retinal
chromophore, attached via a Schi-ff base (imine) linkage to a
speci-fic lysine side chain1. In vertebrate rhodopsins, at least, 
this linkage is hydrolysed at some stage during the visual 
photochemical cycle (after cis-trans phatoisomerization) and 
must be re— formed (with 11-cis retinal) during regeneration. 
Neither the precise stage at which this hydrolysis occurs nor, 
indeed, the mechanism of Schiff base formation and hydrolysis in 
the protein active site environment are known. We report here on 
a series of experiments designed to clarify the situation.
Firstly, using conventional equilibrium and kinetic techniques, 
we examine the formation and hydrolysis of a model retinal 
Schiff base in different detergent micelle environments in 
relation to the standard tetrahedral carbinolamine intermediate 
mechanism of imine chemistry3 . The presence of this intermediate 
is demonstrated by stopped-flow kinetic measurements and its 
resonance Raman spectrum obtained under continuous flow 
conditions. Finally, using isotope labelling techniques, we 
examine the possible onset of Schiff base hydrolysis during the
metarhodopsin stage of photolysis in bovine photoreceptor 
membranes.
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EXPERIMENTAL SECTION
Model Compound Equilibrium & Kinetics
All-trans retinal (vitamin A aldehyde, retinaldehyde, -from 
Fluka or Sigma) was used without -further purification. Mass 
spectrometry and HPLC analysis showed no detectable impurities 
other than traces of other geometric isomers. Detergents used 
includes Emulphogene BC-720 (a commercial poly—oxyethylene— 10- 
tridecyl-ether preparation from GAF) , Ammonyx—L0 (primarily 
lauryl dimethyl amine oxide, from Onyx Corp.), sodium 
dodecylsulfate (SDS, from BDH Ltd.) and dodecyl- 
trimethylammonium bromide (DTAB, from Sigma), n—Butylamine was 
redistilled before use, and all other reagents were of 
appropriate analytical grade. Glass-distilled water was used 
throughout, and all manipulations involving retinal were done 
under argon in the dark or dim light conditions.
Retinal solutions for kinetic and equilibrium experiments 
were made up fresh daily by first dissolving the solid in a
small quantity of ethanol, followed by rapid dispersal in a 
large volume of the appropriate detergent buffer (final EtOH 
concentration less than IV. ) . Stock solutions of the model Schiff 
base, N-retinylidene-n—butyl amine, were prepared by addition of 
retinal to a large excess of lOmM n-butylamine in ethanol or
unbuffered aqueous detergent. Incubation at room temperature for 
30min. was sufficient for complete reaction. All experiments 
were performed at 20aC. Buffer concentrations were generally 
0.1M, except in the case of SDS where poor solubility limited 
buffer concentrations to 0.02M. Detergent concentrations used 
were well above critical micelle concentrations; 2*/. v/v
(Ammonyx,Emulphogene) , 25mM (DTAB) and 12.5mM (SDS). Spectral 
changes in the 300-530nm range were observed using Pye-Unicam 
SP-1000 or SP8-200 spectrophotometers fitted with thermostatted 
cell hoider s .
Dissociation constants (Kato-) for the retinal- b u t y 1 amine 
reaction were determined in the pH range 7-13 using phosphate, 
borate or NaQH/NaCl buffers, as appropriate. Retinal in
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detergent buffer was mixed, under argon, in a series of 
stoppered volumetric flasks with appropriate volumes of 
n—butylamine in the same buffer mixture, to give a final retinal 
concentration of about 10~aM and butylamine concentrations in 
the range 0.02mM to 1M. After incubation for 2-4 hrs. at 20°C 
spectra were taken to determine the extent of reaction. The pH 
each mixture was checked before and after incubation. Longer 
reaction times gave identical results, as did trial experiments 
in which equilibrium was approached from the opposite direction 
by pH and concentration adjustment of solutions of the 
pre—formed Schiff base. Data were analyzed by a linear 
1 east —squares Benesi —Hi 1 debrand method"5 using absorbances at a 
minimum of two different wavelengths for each sample.
Steady-state rates of Schiff base formation and hydrolysis 
were obtained from absorbance changes, again at at least two 
wavelengths, after mixing retinal or the Schiff base with the 
relevant detergent buffer mixture. Variation of the butylamine 
content verified that formation rates were first order in amine 
concentration. Absorbance changes were recorded either at fixed 
wavelengths or, for slower reactions, by repetitive spectral 
scans, and the pH of each reaction mixture was determined at the 
end of each kinetic run using a sodium ion correction at high pH 
if appropriate. Pseudo-first order rate constants <k^or-m or 
khydroi) were obtained by 1east-squares analysis according to 
the appropriate first order rate expression, and formation rate 
constants were corrected for hydrolysis in the reverse direction 
when necessary. This latter correction is only significant at 
the lower pH limit and never amounted to more than 10'/. of the 
whole. A limited examination of possible solvent isotope effects 
was undertaken for hydrolysis in Ammanyx with D=0 (99.BX,
Fluorochem, pD 4.0).
General base catalysis of the hydrolysis reaction in 
Emulphogene or Ammonyx micelles was investigated in the pH range
4-7 by use of various different buffers over a concentration 
range of 0.01 to 0.2M. Higher concentrations could not be used 
because of problem® with solubility of the detergents. Control 
experiments with added NaCl showed that ionic strength had no
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significant effect on hydrolysis rates in this pH range.
Transient kinetics were studied using an Applied 
Photophysics stopped-flow kinetic spectrophotometer, interfaced 
to an Apple II microcomputer giving non-linear, programmable 
time-base data acquisition. The effective dead-time of this 
apparatus is about 8 msec. and the non-linear time-base allows 
data in the time range from about 10 msec, to 12 minutes to be 
sampled in a single run. Rapid formation or hydrolysis reactions 
were initiated by pH-jump or reagent mixing, as appropriate and 
the kinetic behaviour was analysed by a multi-exponential 
fitting procedure (DISCRETE) kindly provided by Dr. 
Provencher^.
The hydrogen ion titration behaviour of the model Schiff 
base in different detergents was obtained from the absorbance 
changes associated with the protonation-induced red shift of the 
retinyl chromophore during pH-Jump experiments. Absorbances at 
360 and 440nm, extrapolated to zero time, were obtained from the 
initial phases of stopped-flow measurements ( < 100 msec.) and
were confirmed, in the slower hydrolysis ranges, by manual 
mixing techniques. Data were analyzed from the pH-dependence of 
the quantity*
CSH^/CSH = (Am - A) / (A - AL ) 
where AM , Ai_ are the initial absorbances at high and low pH 
extremes, A is the initial absorbance after pH-jump, and SH-*, S 
are the protonated and unprotonated Schiff base, respectively.
Defining the acid dissociation constant of the Schiff base: 
K b h - cs: aM /CSH^: 
where aM is the hydrogen ion activity in the micelle shows that, 
for simple titration behaviour, a plot of logCS3/CSH-3 versus 
paM should be linear, with slope unity and an intercept of pK«M 
on the paM axis. To relate the micellar hydrogen ion activity to 
the measured bulk pH we use the empirical relation*
paM = - p0 + n.pH  Equ. (1)
where p0 and n represent any apparent pH shift and non-ideality 
at the micelle, respectively. (n-1 for ideal titration
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behaviour.) We arbitrarily take p0 =* 0 -for the neutral
detergent, Emulphogene. The mid-point pH of the titration is 
given, in these terms, by:
PHmt d = (P Kb h + p 0)/n
Reaction Mechanism: Equilibrium and Rate Expressions
We assume the standard2 imine mechanism (Scheme I) in which 
retinal Schiff base hydrolysis and formation share a common 
tetrahedral carbinolamine intermediate (X).
Scheme 1
kx
SH~ + H=Q X +
k — x 
k 2
SH"" + 0H~
k—a
k 3
R + B
k— 3
X is formed solely by attack of water or hydroxide on the
protonated imine (SH-), or by reaction of unprotonated amine
<B) on the aldehydic retinal <R>. Assuming that all retinyl 
species are confined to the micellar phase, whereas the much 
more soluble free butylamine resides in the aqueous phase, we
can define the following acid dissociation constants for the
amine and imine, respectively:
146
Page 8
K b h “ CB:CH^]/CBH^] ; KBH = CS:aM /CSH^n
where CH"*-} is the hydrogen ion concentration (strictly activity) 
in the balk aqueous phase (as measured by the pH electrode) and 
aM is the hydrogen ion activity in the micellar phase 
estimated -from the Schiff base titrations in the appropriate 
detergents as described above.
The overall observed equilibrium constant for the reaction 
(Kob.) may be written:
= [81Tot CR3 /CSlrot
- Ko(l + CH-3/Kb h ) / (1 + aH/K8H) .....Equ. (2)
where K0 ** CR3CB3/CS3 is the dissociation constant at the high 
pH limit. Application of detailed balance gives several useful 
relations between the equilibrium and rate constants:
k lk-=/k-ik2 = a-,aoH = Kw
K °  ■ k3 k3 K „ / k _ 3 k-3 K 0 H = k x k3 / k - x k - 3 K « M
Following established procedures2 *0 , steady-state pseudo- 
first-order and second order observed rate constants for 
hydrolysis and formation, respectively, may be written:
i y d r a l kiaH + k3 Kw 
+ Kjh) \ ka: + k— 3  + k_i
Equ.(3)
k -*■ or-m m  k-3KoH / k— 1 Sm + k — 2
( C H 3 + KBh) V k3  •+■ k— 2  + k_x aM
These are related by the equilibrium constant Kota.
khydroi/kform , and either formation or hydrolysis data may be 
used to give equivalent information. We have used both 
approaches as experimental 1 y convenient. Steady—state data were
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analysed according to these rate expressions using non-linear 
1east-squares regression procedures to give kx, k3 and k_x/k3 . 
Detailed balance allows subsequent calculation of k_3 and 
k-3/k3.
k3 is obtained -from analysis o-f the biphasic absorbance 
kinetics observed in stopped-flow experiments -for reactions of 
this typea »A :
A(t) * A0 + A xexp <-rxt ) + A3exp<-r3t)  Equ. (4)
where r x and r2 are cumbersome functions of the individual rate 
constants. It is straightforward, though algebraically tedious, 
to show that, for the hydrolysis direction in this casei
rir3 = k3 (kx aM + k3Kw )/(aM + KBM)
and, with k x and k3 from steady-state data, k3 is determined.
Resonance Raman
Concentrated stock solutions of N-retinylidene-n-butylamine 
were made fresh daily by dissolution of retinal in ethanol
containing lOmM n-butylamine. Aliquots of this were subsequently 
diluted in aqueous 27. (by volume) Ammonyx, also containing lOmM 
butylamine, to provide the unprotonated Schiff base sample 
(approx. 0.3mM) for Raman spectroscopy. Other components for the 
pH—Jump experiments consisted again of 27. Ammonyx containing 
either 0.2M HC1 or 0.2M sodium acetate buffer, pH 4-3. Final 
pH's in the reaction mixtures were measured after each
experi ment.
Polarized Raman spectra were obtained using an Applied
Photophysics Model 36 multichannel instrument incorporating a 
Tracor Northern TN-1223-I cooled, intensified diode array 
detector with a TN-1710 mainframe and optical spectrometer 
module for data display and manipulation. Sample excitation was
with the 457.9nm line of a Spectra-Physics Model 171 Argon ion
laser with intensity, measured at the sample, of lOOmW or lass, 
and a beam diameter approximately 0.2 mm. (480 or 514nm
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irradiation gave identical results, but with a higher 
■fluorescent background.) Experiments were carried out at room 
temperature (20+l°C). Continuous -flow spectra were obtained in a 
lcm path-length quartz cell attached to a simple 2-channel 
T-mixing device constructed o-f 1mm bore Teflon tubing, with a 
dead-time under these conditions o-f about 10 seconds. Sample and 
pH-jump buffer solutions were pumped continuously at a combined 
flow rate of about 10 ml/min using separate peristaltic pumps 
(LKB), giving a sample residence time in the laser beam of less 
than about 0.15sec. There was no evidence of photoiBomerization 
of samples under these conditions. Trial experiments using the 
same configuration in a UV-visible spectrophotometer confirmed 
adequate mixing in this device. Raman spectra of the appropriate 
solvent mixtures were obtained using the identical flow system 
and subsequently subtracted from the sample spectra. All spectra 
consisted of 400 accumulations, with a 0.2sec acquisition time, 
at an instrumental bandwidth of 7cm_ 1 , or less. Quoted 
wavenumbers are accurate to about 2 cm-1 (indene calibration).
Isotopic Labelling
Bovine rod outer segment membranes (R0S) were isolated from 
the retinas of dark-adapted cattle eyes, obtained fresh locally,
by standard techniques'7" and were stored frozen <-70°C) in the
dark until use. Oxygen-18 enriched water (207 or 707. enrichment) 
was from Amersham International, all-trans retinal from Fluka, 
and all other reagents were of standard analytical grade. 
N-retinylidene-n-butylamine was prepared as described above.
Retinal was isolated from freeze-dried R0S membranes
(equivalent to 5-10 mg. rhodopsin) by repeated extraction with
5— 10 ml aliquots of dry methylene chloride (dichloromethane) 
Thorough mixing at each stage was obtained by passage through a 
glass syringe and the supernatant was collected after 
centrifugation in a bench-top centrifuge (glass tubes). 2-3 
extractions were found to be sufficient. Pooled extracts were
concentrated in a stream of dry argon gas and purified by 
elution on preparative silica TLC plates with cyclohexane/ethyl 
acetate (3 j 1 by volume). The distinct yellow retinal band was
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redissolved in methylene chloride, concentrated under argon gas, 
and analysed immediately by low resolution mass spectrometry (VG 
MS-12 linked to a PDP-8 computer, electron ionization 70eV, 10-7 
torr). Instrumental controls included commercial all-trans 
retinal and ies0-l abel 1 ed retinal obtained by hydrolysis o-f 
synthetic N-r et i nyl i dene-n-butyl ami ne in the presence o-f 207. 
enriched H2 ie,o.
A typical experimental protocol was as followss washed, 
unbleached bovine ROS membranes, containing 3— 10 mg of 
rhodopsin, were freeze dried (liquid nitrogen trap) and then 
bleached by exposure to 500nm irradiation (100 watt Xe/Hg lamp 
with interference filter), giving a color change from pink to 
deep orange indicative of metarhodopsin I formation. 0.5 ml of 
ice-cold H2 1o 0 1 buffered to pH 5.5 with sodium phosphate, was 
added (immediate color change from orange to pale yellow) and 
the sample maintained in the dark at 0°C for various periods 
between 30 sec. and 15 min. prior to flash-freezing and freeze 
drying. Retinal was then extracted and analysed as described 
above. Control experiments following the same protocol included 
addition of H2 ie5Q buffered to pH S to the freeze-dried Meta 
I-RQS, and the brief bleaching of previously unbleached ROS 
incubated in H3 1«o, at pH 0, 0°C.
Infra—red spectra (Perkin—Elmer 983) of the carbonyl 
stretch region were obtained by taking up the extracted retinals 
in carbon tetrachloride. Solvent backgrounds were subtracted 
separately.
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RESULTS
Model Studies; Equilibrium & Kinetics
The absorbance spectrum o-f all-trans retinal < 30Onm)
changes upon Schi-f-f base -formation to about 360nm for the 
unprotonated imine and to 430-443nm, depending on detergent, in 
the acidic form. This provides a convenient spectral probe for 
kinetic and equilibrium studies in the optically clear aqueous 
micelle mixtures. Equilibration of retinal with increasing 
concentrations of n-butylamine produces a progressive spectral 
shift with a single isosbestic point characteristic of simple 
stoichiometric reaction, and with no indication of thermal 
isomerization of the retinal. The absorbance changes, in most 
cases, give good linear Benesi-Hi 1 debrand plots and a pH 
dependence of the apparent dissociation constant <Kotom) 
consistent with Equ.2 (Fig.l). These data are consistent with 
previous estimates in neutral detergent1' and show that the pH 
dependence of Kofc,. is dominated by protonation of the amine. 
Essentially identical behaviour is observed for neutral and 
cationic detergents, with only small differences in K0 , and the 
same value for pKBH *= 10.73 , in agreement with literature 
values for n-butylamine in dilute aqueous solution10 and with 
trial potentiometric titrations in the presence of the 
detergents (data not shown). A major exception occurs in the 
case of the strongly cationic SDS where the Benesi—Hi 1 debrand 
plots are distinctly non-linear and poorly reproducible, 
indicating a more complex equilibrium process. pH titration of 
butylamine in the presence of SDS gives anomalous pK's in excess 
of 11, suggestive of some specific SDS-butylamine interaction or 
of partitioning of the amine into the SDS micelles. This 
concentration-dependent effect will clearly affect the apparent 
equilibrium of the retinal Schiff base reaction, but we have not 
so far investigated the phenomenon any further. An estimate of 
K0 in this case was obtained from comparison of formation and
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hydrolysis rates at high pH and does not differ significantly 
from the other detergents (Table I).
Spectral acid-base titrations of the retinyl Schiff base in 
different detergents are illustrated in Fig.2, plotted using the 
procedure described in the experimental section. There are
significant differences in apparent pK of the retinyl Schiff 
base in different micelles, correlating qualitatively with the 
ionic state of the detergent. The apparent pK in Emulphogene, 
pHmid = 6.1, is in good agreement with previous estimates under 
similar conditions in other neutral detergents11•1Z, but
somewhat lower values (4.85 and 3.84, repectively) are found for 
Ammonyx and DTAB, and a dramatically higher value (9.54) in SDS. 
Similar alterations in apparent pKA 'B in the presence of charged 
micelles have been reported elsewhere12 and, bearing in mind
that the weakly basic amine oxide detergent, Ammonyx, will 
itself become protonated below neutral pH, these observations 
are consistent with simple electrostatic effects on Schiff base 
protonation and/or hydrogen ion activity in the micellar 
environment12**d . The magnitude of the pK shift in SDS suggests 
the possibility of specific ionic interaction between the polar 
sulfonic acid head group and the imine nitrogen, in this case, 
rather than a delocalized non-specific effect of micellar 
surface potential. This is reminiscent of the SDS-butylamine 
interaction postulated above.
Although the titration plots of Fig.2 are all reasonably 
linear, only in the case of Emulphogene does the slope (n) equal 
unity. Shallower titrations (n«0.77) are seen for the Schiff 
base in Ammonyx or DTAB, and sharper (n=l.l) in SDS. We have no 
general explanation for this phenomenon, though it is 
consistently observed using various buffers and absorbance 
wavelengths. In the case of Ammonyx, protonation in a similar pH 
region and the associated changes in micelle surface potential 
would attenuate the Schiff base titration, but this would not 
apply with SDS or DTAB. This non-ideality may possibly reflect 
changes in micelle potential due to ionic strength changes in 
the buffer counter-ions during titration. Unfortunately, because 
of the poor solubility of the detergents at high ionic
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strengths, we were unable to test this possibility. However, in 
same experiments in SDS, in which the buffer also contained lOmM 
butylamine (in an attempt to suppress hydrolysis, data not
shown), the apparent pK was reduced slightly to about 9.3
(compared to 9.54) and the slope closer to 1. Other experiments, 
mentioned above, on the acid-base titration o-f butylamine itsel-f 
in the presence o-f SDS have shown anomalies suggesting some 
speci-fic interaction between SDS and the protonated butylamine. 
This indicates that the anomalous titration behaviour that we 
have observed is associated with the charge density at the
micelle surface and probably involves counterion effects.
The pH dependence of the state of i oni z ati on of the reti nyl 
imine is required for quantitative analysis of the reaction 
kinetics in terms of the carbinolamine intermediate mechanism. 
In the absence of any appropriate theoretical expression, the 
data of Fig.2 suggest an empirical equation (Equ. 1,
experimental section) which adequately expresses the apparent 
micellar hydrogen ion activity as a function of measured pH. 
This, together with experimental parameters given in Table I, is 
used in the steady-state rate expressions to describe the 
Schiff base protonation in different detergents. It is worth 
noting here that this empirical relation is formally equivalent 
to a non-stoichiometric, or fractional protonation schemes 
S + nH"- i^un> SHn- 
with a dissociation constant, K «■ [S3 CH^D"/CSHr,"- ].
Interestingly, such apparent "fractional protonation" behaviour 
has been observed on many occasions as a feature of the
acid-base equilibrium of the metarhodopsin intermediates of
visual pigment photolysis13, where it presumably reflects a 
similar non-ideality in titration behaviour of groups within the 
protein environment.
Steady-state rate constants for hydrolysis and formation of 
the model Schiff base as a function of pH in the different 
detergents, shown in Figs.3 S< 4, display all the general
features expected of the carbinolamine intermediate mechanism, 
although there are significant quantitative variations induced 
by the different micelle environments . Despite these
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differences, provided due account is taken of the abnormal 
Schiff base protonation behaviour, steady-state pH—rate profiles 
are adequately described by the appropriate rate expressions 
(Equ.3) and, in most cases, yield the unambiguous sets of rate 
parameters listed in Table I. Again, however, SDS is an 
exception where because of the limited pH range over which rate 
data were accessible, and also possibly because of interference 
from specific interactions, no stable set of parameters emerged 
from the 1east-squares fitting procedures and only rough orders 
of magnitude estimates are given. Nevertheless, the overall 
shape of the SDS rate profiles are clearly in line with the 
general mechanism, though dominated by the large pK shift of the 
imine in this environment.
Direct evidence for the tetrahedral intermediate comes from 
rapid-mixing hydrolysis experiments. Transient accumulation of 
the carbinolamine intermediate during hydrolysis is optimal near 
the peak of the pH profile. Stopped-flow experiments over a 
wide range of wavelengths in this pH region, examples of which 
are given in Fig.5, in all cases showed the biphasic behaviour 
characteristic of the build-up and decay of the intermediate 
species, and the kinetic data are well described by the 
anticipated double-exponential expression (Equ.4). Rate 
constants for the fast phase (r*) ranged from about 0.02 to 0.3 
sec-1 , depending on pH and detergent, whilst the slower phases 
(r2 ) were identical to steady-state rates under the same
conditions. Analysis of r x values in conjunction with the
steady-state results gave the additional information required 
for complete determination of the mechanistic rate constants 
(Table I). The absorbance spectrum of the intermediate,
estimated from the amplitudes of the different kinetic phases in
these experiments (not shown), depends on pH and is very similar 
in form to the parent Schiff base, indicating only changes in 
extent of protonation, or small variations in extinction 
coefficient, rather than gross changes in absorbance maxima. 
Assuming that a red-shift is indicative of protonation of the 
carbinolamine, as it is with the Schiff base, then the transient 
spectral changes are consistent with an increase in protonation
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at low pH and a decrease at higher pH (in SDS), placing the 
carbinolamine pK^ somewhere in the region 7—9, as might be 
expected lot*. Estimation of the steady-state accumulation of the 
intermediate shows that, in most cases, the build-up is no 
greater than about S'/, of the total Schiff base concentration, 
and usually very much less. In Ammonyx, however, the relatively 
high value of kx (discussed below) favours kinetic accumulation 
of the intermediate under suitable pH conditions, such that an 
estimated 50*/. of the Schiff base may be present as the 
carbinolamine during the early stages of hydrolysis at pH 4—5. 
No rapid transients are observable during hydrolysis away from 
the pH maxima, nor under any accessible conditions during the 
formation reaction. The latter observation is consistent with 
the mechanism in which nucleophi11ic atack by the amine on the 
aldehyde is rate-limiting in the observable pH range.
Steady-state hydrolysis rates in Emulphogene over the pH 
range 4-6, where attack of water on the protonated Schiff 
base is rate limiting, showed variations with buffer type and 
concentration typical of general base catalysis with a Br*nsted 
coefficient G of about 0.43 (Fig.6), which is reasonable for 
reactions of this type1'*. However, no such effect was seen in 
Ammonyx. On examination of the rate parameters of Table I we 
note that k x , the rate constant for the base catalysed step, is 
significantly higher for Ammonyx than for the other detergents, 
suggesting that in these micelles the hydrolysis reaction is 
already experiencing significant base catalysis from the amine
oxide head groups of the detergent and that this is sufficient
to mask any possible further catalysis from general bases in 
solution. Support for this comes from the observation that, 
discounting SDS which seems to be a special case throughout, the 
ratio ki/k_i is reasonably constant over the range of 
detergents, despite wide variations in the absolute values of 
the individual rate constants. Thus, any specific micelle 
interactions seem to have an equal effect on the magnitudes of
both the forward and reverse rate constants of this step, in a
manner characterist i c of a catalytic process rather than a 
change in thermodynamic equilibrium stability of any of the
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reactant species. Similar conclusions may be drawn about the 
other steps o-f the mechanism where k2/k-= and k3 /k_3 also show 
little variation, though here the rate constants themselves vary 
only marginally with detergent.
Hydrolysis in Ammonyx micelles using D=0, pD 4.0, as 
solvent was significantly slower than under identical conditions 
in H20, giving a solvent isotope effect, k^/k0 , of about 2.3 . 
This is close to the value observed in other studies of Schiff 
base hydrolysis1'* where it has been interpreted mechani sti cal 1 y 
in terms of a close resemblance of the transition state to the 
protonated carbi nol ami ne1"* • ie5.
Resonance Raman Spectroscopy
Continuous flow Raman data on N-retinylidene-n-butylamine 
and its hydrolysis products, under various conditions in aqueous 
Ammonyx dispersions, are summarized in Fig.7. Spectra in 0. 1M 
HC1 show intense resonance enhancement, with a strong retinal 
C-C stretch band at 1565cm-1 , a protonated imine C=N stretch at 
1656cm-1 , and major fingerprint vibrations' in the 1100— 1400cm-1 
region characteristic of the protonated all-trans retinal Schiff 
base16 (Fig.7A). Hydrolysis is essentially non-existent under 
these conditions and most of the assigned bands in the high 
resolution spectra of the crystalline protonated n-butylamine 
Schiff base16 can be identified, albeit at lower resolution. 
Significant changes in this spectrum occur, however, during the 
early stages of hydrolysis <Fig.7B), approximately 10 seconds 
after pH jump of the unprotonated imine to the pH 4-5 region 
(0.lh acetate buffer, final concentration). In particular, there 
is a marked decrease in intensity of the 1240 and 1656cm-1 
bands, compared to the protonated Schiff base, together with the 
appearance of a prominent band at about 1345cm-1 . We ascribe 
these changes to the build-up of the tetrahedral carbinolamine 
intermediate of imine hydrolysis, which the kinetic studies have 
shown to be optimal under these conditions. Similar effects are 
seen using various laser excitation lines and, to a lesser 
extent, using the detergent Emulphogene instead of Ammonyx. None 
of these features, especially the 1345cm-1 peak, appear in Raman
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spectra o-f the unprotonated Schiff base or retinal hydrolysis 
products run under identical conditions (Fig.7 C ,D ,E). Such 
spectra, furthermore, show considerably less resonance 
enhancement because of the hypsochromic shift of these pigments 
relative to the exciting line (absorbance maxima* 380 and 360 nm 
approximately for retinal and the unprotonated Schiff base,
respectively, compared to about 440nm for the protonated imine). 
Moreover, any significant contamination from such sources during 
the early stages of hydrolysis would give rise to a shift in the 
1563cm-1 C=C band. No such shift is observed. In any case, the 
kinetic studies indicate that the Schiff base is predominantly 
protonated at pH 4 to 5 and that less than 107. complete
hydrolysis occurs within 10 seconds under these conditions.
The Raman spectrum Fig.7B consists, therefore, of a mixture 
of the tetrahedral carbinolamine intermediate of the imine 
hydrolysis reaction together with un-reacted protonated Schiff 
base, in roughly equal proportions as judged from the
appropriate rate expressions under these conditions. Subtraction 
of 507 of the protonated imine spectrum (Fig.7A) yields an 
estimate of the Raman spectrum of the pure intermediate (Fig.8) 
and this, to our knowledge, represents the first such spectrum 
reported for any transient carbinolamine. The spectrum retains 
many of the major features of the protonated Schiff base, but 
with the significant loss of the 1240 and 1656cm-1 bands and the 
presence, already noted, of the new band at 1343cm-1. In the
absence of any smal1-molecule carbinolamine spectra for 
comparison we can make no firm assignment for this vibration, 
apart from noting that its frequency is consistent with the 
alcoholic 0-H in-plane deformation that might be expected in the 
carbinolamine. Though, by analogy with the complex vibrational 
behaviour of amide groups, we should not necessarily expect the 
spectrum of this linkage to be simply a superposition of amine 
and alcoholic characteristic group frequencies because of 
potential coupling between the modes. (Deuterium labelling 
experiments, though attempted, were unhelpful here because the 
kinetic isotope effect in D-0 diminishes the transient levels of 
the carbinolamine to below detectable limits in these spectra).
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The 1656cm- 1 band is predominantly due to modes associated with 
the protonated C=N bond of the imine16, and its disappearance is 
entirely consistent with conversion of this group to a 
carbi nol ami ne linkage. Assignment o-f the band at about 1240cm-1 
in the protonated Schiff base is not entirely certain, though it 
seems to be a highly mixed combination of C-C,C-C,C-CH3 stretch 
vibrations and CCH in-plane rocks involving several carbons, 
including C-15 16>. It is not unreasonable, therefore, that
alcoholic substitution on C-15 might significantly affect this 
mode. We note, however, that the intensity of this band appears 
somewhat greater in our detergent-solubilized spectra than in 
the solid state16*, and this might reflect possible 
conformational differences between the protonated Schiff base in 
the micelle and the crystal which could affect mode assignment.
But, regardless of the precise mode assignments, the most 
surprising feature of the carbinolamine spectrum is its 
remarkable similarity to the published spectrum of the 
metarhodopsin II photoproduct of bovine, rhodopsin17', most 
notably in the presence of the hitherto unexplained 1345cm-1 
peak (Fig.8). The ramifications of this observation in relation 
to the hydrolysis step of rhodopsin photolysis are considered 
below.
10Q Labelling Studies
The starting point for these experiments was the early 
observation that, in the absence of water, bleaching of 
rhodopsin does not proceed further than the metarhodopsin I 
intermediate1®. In our hands, freeze-dried bovine rod outer
segments are pale pink, changing to a stable orange color (Meta 
I) on exposure to light. This color persists on addition of 
ice-cold pH 8 buffer, whereas pH 5.3 buffer gives an immediate 
change to pale yellow (Meta II). Both these intermediates are 
stable for many minutes at 0°C in water13b'1,T, and for much 
longer if immediately freeze dried.
Lo w-resolut ion mass spectra of unlabelled retinals, either
commercial material or that extracted from fully bleached
f re eze-dri ed ROS, show typical fragmentation patterns with a
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major parent ion peak at 284 m/z, and a minor peak at 285 
arising mainly -from natural abundance carbon-13 (Table II; 
samples A,C,D)a . The absence o-f any higher mass ions together 
with a constant 285/284 ratio of 0.24 + 0.02, confirms the lack 
of potential interference from retinol or retinoic acid in these 
preparations. By contrast, in preliminary trials using retinal 
extracted from ROS fully bleached in aqueous buffers slightly 
enriched in lo0, or from hydrolysed synthetic retinal Schiff 
base in the same medium (Table II; sample B), an additional peak 
at 286 was observed, consistent with the anticipated hydrolytic 
incorporation of 1B0 in the aldehydic C=Q group. This confirmed 
the feasibility of a more detailed study of the effect of H2 lo0 
specifically at the metarhodopsin stage of bleaching. Data 
obtained using more highly enriched H2 lo0 are also shown in
Table 11.
Bleaching of ROS in isotopically enriched water under 
conditions favouring Meta I formation (pH 8, 0°C), or addition 
of H2ie*0 to dried Meta I-containing ROS under the same
conditions, gives molecular ion ratios of the extracted retinals 
identical to natural abundance spectra (Table II; samples C,D). 
However, addition of H2 lo0 to dried Meta I-ROS under conditions
favouring transition to Meta II gives rise to a large additional
peak at 286 m/z (samples E,F). Previous studi es13b • have shown 
that in ROS membranes at 0°C the metarhodopsin photoproducts are 
relatively stable under appropriate pH conditions (pH 8 for Meta 
I, pH 3.5 for Meta II). Transformation of Meta II to subsequent 
intermediates is very slow (minutes - hours) under these 
conditions, and lo0 incorporation varied little with H2 lo0 
incubation time in our experiments. In fact yields of the 286
parent ion were somewhat lower for the longer incubation times, 
possibly due to exchange with atmospheric moisture or because 
subsequent intermediate stages (Meta III, indicator yellow)
involve re—formation of retinal—imine linkages. The 285/284
ratios remained constant in all these experiments, ruling out 
the possibility of artefacts due to retinal oxidation products. 
Relative yields of m/z 286 ions were always less than expected 
from the (nominal) 70'/. enrichment of the labelled water. It is
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not clear whether this is due to extraneous retinal from partial 
bleaching o-f the starting material, incomplete initial 
photoreaction of the rhodopsin, differences in the -fragmentation 
ratios of labelled and unlabelled retinals, or isotopic dilution 
from residual water in the freeze-dried samples. Nevertheless, 
these experiments clearly demonstrate significant ie90 uptake 
from H31o0 during the Meta I — > Meta II transition, but not 
earli er.
If 1H0 incorporation is indeed due to hydrolysis then, 
clearly, the expected site of incorporation must be the carbonyl 
oxygen of the aldehyde , and this is supported by IR spectra of 
extracted retinals in the carbonyl-stretch region (Fig.9). 
Unlabelled retinals show the usual strong C^O band at 1664cm- 1 , 
whereas retinal extracted under ie*Q labelling conditions gives 
an additional band at about 1638cm-1. This shift is consistent 
with a simple isotope effect on the C=Q stretch vibration due 
to an increased reduced mass of the C=Q group, and agrees with 
published shifts in other ies0-label 1 ed aldehydes30.
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DISCUSSION
Three significant conclusions, bearing on the stability and 
photolysis of rhodopsins and related proteins, have been 
established by the experiments reported here. Firstly, although 
the precise behavior may be modulated by environmental effects, 
model retinal Schiff base formation and hydrolysis conforms in 
all respects to the conventional tetrahedral carbinolamine 
reaction mechanism so that we may, with some confidence, begin 
to interpret some of the apparently anomalous properties of the 
rhodopsin chromophore. Secondly, the resonance Raman spectrum of 
this transient carbinolamine intermediate is virtually identical 
to the spectrum of the metarhodopsin II intermediate encountered 
during bleaching of bovine rhodopsin. Finally, retinal extracted 
from bovine photoreceptor membranes after exposure to H 3 l e s 0  
solely during the Meta I to Meta II transition shows isotope 
uptake at the carbonyl oxygen position. Taken together, these 
last two observations support the hitherto unconventional view1** 
that the metarhodopsin transition marks the start of the 
chromophore hydrolysis step of visual pigment photolysis.
Prior to this work there was considerable circumstantial 
evidence that chromophore hydrolysis might be involved as early 
as the metarhodopsin stage. Far example: (i) Water is required
for the photoreaction to proceed beyond Meta Iia. (ii) Meta- 
rhodopsin is the first stage at which the retinyl chromophore 
becomes accessible to water— soluble reagents such as 
hydroxyl amine and sodium borohydride2 1 , and it is not 
unreasonable to presume similar accessibi 1 ity to water itself, 
(iii) The transition from Meta I to Meta II is the only 
spontaneous endothermic step of the bleaching sequence ( + 1 0  
kcal/mol e ) 1 ** •3 3  , and the energetics are consistent with Schiff 
base hydrolysis enthalpies in model compounds (8-12 
kcal/mol e) 1 . (iv) The kinetics and equilibrium of the Meta I 
— > Meta II transition are complex, involving asynchronous and 
anomalous prctonaticn changes13*33 , and possible base
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catalysis13* that are reminiscent of the features observed here 
in the hydrolysis of model retinal Schiff bases, (v) The 380nm 
absorbance maximum of Meta II is the same as free retinal. This 
was first noted in the original work on metarhodopsin 
tautomerism13b, though the authors ruled out hydrolysis at this 
stage mainly on the basis of rapid reversibi1ity to Meta I and 
on the photo-reversibi1ity of Meta II to the parent rhodopsin. 
But this rests on the mistaken assumption that hydrolysis of the 
chromophore linkage is synonymous with release from the active 
site. If, as indicated by the present work, the hydrolysed 
chromophore in Meta II still resides in the specific retinal 
binding site of opsin then such considerations are no longer a 
problem.
□ur experiments are not necessarily unambiguous. Although 
control experiments using the same protocol but without Meta II 
formation give no isotope labelling, it might be argued that the 
X®Q incorporation results are an artefact of the extraction 
procedure rather than indicators of in situ attack by water. 
This seems unlikely in view of the resonance Raman data (Fig.8 ) 
showing remarkable similarity between the spectrum of the 
initial product of Schiff base hydrolysis and that of authentic 
metarhodopsin II. But even here some caution must be exercised 
since the Meta II Raman spectrum has itself been the subject of 
some controversy1712,4, with Callender's group arguing strongly 
that it supports the conventional view of metarhodopsin II as 
the unprotonated retinal Schiff base 1-7 despite: (a) the lack of
any feature corresponding to the C“N stretch3'*, (b) the closer 
correspondence of the 1569cm-1 C=C stretch of Meta II with 
retinal (1574cm-1) and, now, the carbinolamine (1564cm-1) rather 
than the unprotonated imine (1582cm-1), and (c) without any 
assignment for the 1345cm-1 band. There are also some 
experimental uncertainties involved in correcting for residual 
Meta I in the sample1^, and it is conceivable that this spectrum 
also contains preferential 1 y enhanced features from other 
unidentified species isochromic with Meta I. Nevertheless, the 
weight of experimental evidence now indicates that hydrolysis of 
the retinal Schiff base linkage of rhodopsin starts at the
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metarhodopsin stage o-f bleaching, and that Meta II probably 
represents, at least in part, a stabilized form of the
tetrahedral carbinolamine species in the retinal binding site.
If this is so, then it implies the existence of some 
unusual specific interactions in the retinal binding site of 
rhodopsin, some of which may be inferred from the properties of 
opsin and the unbleached pigment. The model studies have
established that under normal circumstances a stable retinal 
Schiff base forms only with an unprotonated amine group, and the 
resultant imine bond becomes susceptible to hydrolysis upon 
protonation2n. But visual pigment and related chromophores are 
stable over a wide pH range, and pigment regeneration by
recombination of the appropriate retinal isomer with opsin3<i> 
or bacter i o-opsi n37, is rapid and spontaneous at physiological 
pH. We therefore infer that the active site lysine is 
unprotonated, or only partially protonated, at physiological pH, 
with an anomalously low pKft that allows rapid and 
thermodynamical1y stable Schiff base formation. This is in 
agreement with studies on the energetics and protonation states
of bovine rhodopsin1"*, and with the protonation changes during
reconstitution of bacter i orhodopsi n3e9. There are precedents in 
other proteins as well: in the Schiff base enzyme acetoacetate 
decarboxylase3**, for instance, it has been established by 
chemical techniques that the active lysine has a similarly low 
pKp,. Amongst the various non-covalent interactions within the 
protein active site, only the Coulombic effects of close 
proximity with cationic groups (arginine or additional lysine
residues, for example) can be reasonably responsible for such
dramatic reductions in the pKA of the active lysine1**2*. 
(Interaction with a histidine residue seems less likely since 
imidazole is normally a much weaker base and probably would not 
dominate an electrostatic interaction with an adjacent primary 
amine.) This is not inconsistent with the possible disposition 
of several basic amino acid residues within the protein 
structure, as suggested from analysis of the primary sequence1*. 
Simple calculations30, together with experimental data on 
diamines10, indicate that a single positive charge within a few
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Angstroms of an amino group is sufficient to reduce the pK by 
the required 3-4 units.
Barring any major conformational changes, the same active 
site contacts should persist in the presence of retinal and 
should similarly depress the pK of the chramophoric imine. Vet, 
according to most spectroscopic criteria, the Schiff bases of 
rhodopsins appear to be protonated1, and remain so in the 
unbleached pigment over a wide pH range. The imine pK^ in 
bacteriorhodopsin has been measured 3 1  at about 13.3 and, 
although not yet determined, is likely to be similarly high in 
the visual rhodopsins. This anomalously high pK is opposite to 
what should be expected from simple electrostatic effects of 
adjacent cationic groups. While it is tempting at this stage to 
suppose that there are indeed major conformational differences 
between opsin and rhodopsin which alter the disposition of 
charged groups in the active site region (possibly introducing a 
negatively charged group into the vicinity of the Schiff base, 
with effects similar to those seen in the SDS model 
experiments), we have been unable to devise a rational scheme 
that satisfactori1y accounts for the basic observations. An 
alternative explanation is that the retinal binding site changes 
relatively little, if at all, during recombination and that the 
adjacent positively charged group (lysine, arginine, etc.) 
responsible for depressing the reactive lysine pK in the
apo-protein now actively participates in protonating the retinyl 
Schiff base nitrogen by formation of an (-NH. . . N-) ■" hydrogen 
bond1-*. This clearly satisfies the requirement for no overall 
change in protonation during bleaching and regeneration of 
rhodopsin1"* (or bacter i orhodopsi n3® ) at neutral pH, and is 
given theoretical support by recent ab initio calculations on 
protonated amine-imine hydrogen bonds33. In such circumstances 
the equilibrium position of the H-bond proton can depend
critically on the relative orientations of the donor and
acceptor groups and slight reorientations can result in the
reversal of the relative pK's of the groups involved, together
with proton transfer from one nitrogen to the other. Such a 
process might form part of the proton transiocation mechanism of
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bacteriorhodopsin32, and also recalls the deuterium isotope 
effects observed in picosecond kinetic studies of rhodopsin 
photolysis which indicate proton transiocation associated with 
formation of the primary batho- intermediate33. Small changes in 
relative orientation during the primary cis—trans
photoisomerization could result in transiocation of the 
(exchangeable) proton within the NH...N hydrogen bond. The red 
shift of bathorhodopsin with respect to the parent rhodopsin 
might indicate that proton transfer is towards the imine 
nitrogen in this case, implying that the Schiff base is only 
partially protonated in the unbleached pigment. Recant
observations3** on the effects of lysine methylation may be
relevant here. Firstly, permethylation of all rhodopsin lysines, 
excluding the active lys-296, gives a spectrally identical
protein which is fully viable as regards bleaching, 
regenerabi1ity and biochemical activity. This permethylation
converts the primary amino groups to tertiary dimethyl amines, 
without loss of charge at physiological.pH. If one of these 
lysines happened to be the putative adjacent group in the 
retinyl binding site it would still be capable of NH...N bonding 
and proton donation to the imine nitrogen, even in this modified 
form. A more interesting modification is that involving the 
additional monomethylation of lys-296 itself, which produces a 
bleachable pigment red shifted to about 520nm.3”*~ In this case 
the methylated Schiff base nitrogen must carry the full formal 
positive charge, and cannot H-bond to any adjacent group. 
Although there may be other explanations, the further red shift 
in this already anomalously bathochromic pigment suggests that 
only partial protonation is necessary to achieve the SOOnm 
of unmodified rhodopsin.
Regardless of the source of the perturbations, this 
reversal in pK of the active lysine and the chromophoric Schiff 
base has important consequences for the stability of the pigment 
under physiological conditions. The thermodynamic stability of 
model Schiff bases under normal conditions (KWM > KB(_,) falls 
rapidly below the pK of the amine (see Equ.2 and Fig. 1 ) , yet the 
rhodopsins are stable at neutral pH under conditions where model
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Schiff bases would hydrolyse rapidly. This is clearly not a 
simple kinetic stability due to protonation or inaccessibility 
to water since formation of the Schiff base (regeneration) is 
spontaneous under the same conditions. Reversal of the pK's (KejM 
< Kbh) for whatever reason, however, reverses the situation such 
that thermodynamic stability is now greatest at low pH (Equ.2). 
This, incidentally, is always the case for methylated Schiff 
bases where the permanently protonated imine becomes 
increasingly susceptible to hydrolysis by 0H~ at high pH, and 
this may be of significance when considering the effect of such 
a modification on the metarhodopsin transition34b.
Other factors which must be taken into account when 
considering the possible retinal-opsin interactions include the 
electrical neutrality of the binding site 3 0  and the source of 
the chromophoric shift of rhodopsins. The most plausible 
explanations for the latter are various forms of the 
"point-charge" model3*, which invoke the presence of a 
negatively charged carboxylate group close to the retinyl moiety 
in the active site (though positive groups may serve equally 
well). This is not inconsistent with our hypothesis of an 
additional positive group interaction with the imine nitrogen, 
indeed the pair may form a salt-bridge and satisfy the 
electrical neutrality condition without requiring the presence 
of counter ions in the retinal binding site. Furthermore, the 
conjugate base of an aspartic or glutamic acid residue close to 
the imine may serve an additional role in catalysing hydrolysis 
of the Schiff base linkage at a later stage in photolysis (see 
below).
With the foregoing in mind we can now begin to visualize a 
plausible sequence of events in the bleaching of rhodopsin. We 
imagine a rhodopsin binding site containing both an anion 
(-COQ- ) and a cation (-NH-) in close proximity to the 11-cis 
retinal imine linkage. This linkage is (partially) protonated by 
(-NH...N-)- bond formation to the adjacent cation. Initial 
photon absorption induces a rapid cis-transoid isomerization of 
the retinyl group, and a slight reorientation in relative 
positions of the Schiff base and its adjacent H-bond donor
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reverses the relative pK's a-f the two groups and forces 
translocation of the proton along the hydrogen bond towards the 
imine nitrogen to produce the red-shifted, more fully protonated 
bathorhodopsin intermediate. (This, incidentally, destabilises 
the NH...N bond 3 3  and may contribute in part to the large energy 
storage observed in this first step33.) On the picosecond scale 
of this process there is little time for any other major 
conformational changes, but subsequent structural relaxation in 
the immediate active site vicinity (to give 1 umirhodopsin) 
followed by more global conformational changes (giving 
metarhodopsin I) can be envisaged as the protein relaxes to 
accomodate the new retinal configuration. To our minds this
exhausts the number of plausible conformational changes that may 
be invoked without the intervention of additional chemical 
processes, and by this stage the active site conformation has 
changed to a sufficient extent to reduce the stabilizing 
influences on the Schiff base linkage and to allow access to 
solvent water and the start of hydrolysis. A plausible mechanism 
for this stage is sketched in Fig.10. Attack of water, base
catalysed by the proximal point charge (glutamate or
aspartate), forms the carbinolamine species (step 1). The 
consequent change from trigonal to tetrahedral configuration 
results in relative reorientation of active site contacts, 
breaking the -NH..N- hydrogen bond and allowing conventional 
protonation (from the solvent) of the more basic carbinolamine 
(step 2). This is the proton uptake characteristic of the Meta I 
— > II transition13. Simple deprotonation of the carbinoi by 
proton release to the solvent, required to form the zwitterionic 
species as the next stage of hydrolysis3 , is inhibited by the 
adjacent carboxylate anion but could occur by proton transfer to 
this group (step 3 ), consistent with changes in carboxylate 
protonation revealed by FTIR difference spectra37. The linkage 
now finally breaks (step 4) to give the retinal aldehyde, held 
in place by non-covalent interactions. This non-covalent complex 
will be unstable, however, because of the sterically 
unfavourable trans configuration of the retinal and irreversible 
retinal dissociation can now take place (step 3), though this is
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not n e c e ssari ly  a straightforward process and could involve 
transimina ti on  and transient, non -specific Schiff base formation 
with adjacent amines along the way, giving a plausib le  
explanati on for the later metarho dopsin III and i n dicato r- yel1ow 
i ntermedi ates.
There remain some paradoxes, however, and it is not clear 
at this stage which of the various species in F i g . 10, following 
water attack on Meta I, are to be identified with the spectral 
Meta II state. The model compound stopped-f low experi ments 
indicate that the retinal carbinolamine has spectrosccpic 
p r o p ertie s similar to the parent Schiff base in detergent 
micelles, rather than the somewhat lower that might be
ant icipated by comparison with more stable pentaenes. It is 
difficult to predict the additional effects of point-charge 
in teractio ns and possible chr omophore strain during the 
me tar hodopsi n transition, but the 380nm L . h of Meta II is 
identical to that of free retinal and suggests the presence of 
the aldehyde  at this stage. By contrast, the Raman spectrum of 
Meta II paints more to some form of the carbinolamine. It seems 
feasibl e that the s p e c t r o s c o p i c a l 1y identified Meta II state is 
actuall y a dynamic mixture of the various chemical species that 
cannot be resolved in the UV/visible region, or which are 
sampled to differing extents by the different spectroscopic 
techniques. But, regardless of these uncertainties about the 
finer mec hanistic details, we note that the significant change 
from trigonal to tetrahedral configuration at the retinal-opsin 
linkage during carbinolamine formation could be responsible, 
either direct ly or indirectly by inducing protein conformatianal 
changes, for triggering the G-protein activation and subsequent 
biochemical steps thought to be involved in the photoreceptor 
response and which have been shown to be initiated by the 
m e t a r h o d o p s in I I lntermediat e3 * •3ra.
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TABLE Is Kinetic and Equilibrium Parameters tor the Retinal/ 
n-Butylamine Reaction in Detergent Micelles**.
Ammonyx Emulphogene DTAB SDS
p K BH 10.75 10.75 10. 75 ~ 11
P^mi d 4.B5 6. 1 5.84 9.54
n 0.77 1 0.77 1. 1
p0 -2.37 0 -1.6 4.4
K 0 <mM) 0.22 0. 13 0.25 ~0. 25
ki (s-1 ) 0.31 6. 1x10“** 7.9x10-° ^0.01
k 2  (M“ 1 s~ 1) 1.2x10-* 2.0x10** 2.6x10** ~3xl0°
k 3 (s— x ) .028 .026 .025 05
1inH1zH1
JX
4.Ox 10° 420 6500 ~ 2 x 10°
k - 2  (s-1 ) 1. 1x10— * 9.4x10-° 1.5x10"** ~0. 05
k _ 3 (M— xs — 1) 124 371 153 ~10
k 1/ k - 1 7.8x10“^ 1.5x10“* 1.2x10“* ~ 5 x 10-
k 2 /k — 2 1.lx 10® 2.2x10° 1.7 x 10° ^ x  10*
k 3 / k — 3 2.3x10— * 7.0x10-° 1. 6x 10-** ~ 5 x 10“
* Except as indicated -for SDS, where only o r d e r —of - magni tude 
estimates are available, typical maximum estimated error limits 
are as follows: p K B M , pH*.**, n, p0 (+/- 0.05); K0 < + /- 107.);
rate constants <+/- 207.) .
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TABLE II: Low-resol at i an mass spectra o-f retinals. Relative 
abundances in the molecular ion region, normalized 
to the m/z 284 peak.
Retinal m/z
sample* 284 285 286
A 1 .24 0
B 1 .23 .14
C 1 .23 0
D 1 .25 0
E 1 .24 .69
F 1 .28 .42
* (A) Commercial, natural abundance all— trans retinal.
(B) Retinal after hydrolysis from N-retinylidene-n-butylamine 
in 2 0 ' / . enriched H2 ie,Q.
<C) Extracted from Meta I-RQS incubated for 10-15 min. in 707. 
enriched H 3 1o0 at pH 8, 0°C.
(D) Extracted from ROS membranes, pre-equi 1 ibrated in 707. H 2 lo0 and 
bleached to the Meta I stage at pH 8, 0°C.
(E> Extracted from ROS membranes after a 30 second exposure to 
707 H3 1o0 during the Meta I — > II transition, pH 5.5, 0°C.
(F) As E, but with a 10 min. exposure to labelled water.
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FIG. 1 Observed dissociation constant <KCTta„) as a -function of 
pH for N-reti nyl i dene— n— butyl ami ne in 27. aqueous Emulphogene, 
determined from equilibrium absorbance changes ( AA) over a 
range of butylamine concentrations (Btc*,)- I n s e t : Example of the 
B e n e s i — Hi 1 debrand plot of data at two different w a v e l engths for 
this system at pH B.5 .
F I G . 2 pH-titrations of N-retinyldene-n-butylamine in Ammonyx
(A), Emulphogene (E), DTAB (D) , and SDS (S). Determined from the 
initial absorbances during pH-jump stopped-flow expe r i m e n t s  and 
plotted according to E q u . 1 .
F I G . 3 Steady-state pH-rate profiles for hyd r o l y s i s  of
N — retinylidene-n-butylamine in aqueous detergent m i x tures at 
20°C. A = Ammonyx; E = Emulphogene; D = DTAB ; S = SDS. The 
solid lines are theoretical profiles plotted according to the 
carbinolamine mechanism using the parameters listed in Table I. 
Except for SDS, points above pH 8 are obtained from formation 
rate data.
F I G . 4 Steady-state pH-rate profiles for formation of
N-retinylidene-n-butylamine in aqueous detergent m i x tures at 
20°C. A = Ammonyx ; E = Emulphogene; D = DTAB; S = SDS. The 
solid lines are theoretical profiles for second-order formation 
rates according to the carbinolamine m e c h anism using the 
parameters from Table I. Data below pH B are c alculated from 
hydrolysis rates under these conditions. Data points for DTAB 
and Emulphogene give equally good fits to the theoretical 
curves, but have been omitted for clarity.
F I G . 3 Examples of stopped-flow data showing transient
absorbance changes during the initial stages of hydrolysis of 
N-retinylidene-n-butylamine in SDS (360nm, pH 11), Ammonyx 
(370nm, pH 5), DTAB(370nm, pH 5.3) and Emulphogene (370nm, pH 6).
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FIG.6 S t a t istical1y-corrected Bransted plot of general base 
catalysis constants (k't,) as a -function o-f conjugate acid 
dissociation constants (K/B H ) -for hydrolysis in Emulphogene. 
General bases used included formate, acetate, succinate, 
phosphate, pyridine and piperazine, as indicated.
FIG . 7: Continuous-flow, pH-jump resonance Raman spectra (lOOmW,
437.9nm excitation, solvent background subtracted) of 
N-reti nyl i dene-n-butyl ami ne and its hydrolysis products in 27. 
aqueous Ammonyx mixtures. (A) Protonated Schiff base in 0 . IN H C 1 .
(B) Schiff base approximately 10 seconds after pH-jump to pH 4.2
(C) Unprotonated Schiff base in lOmM butylamine. (D) Schiff base 
total hydrolysis products, approximately 20 minutes after pH jump 
to pH 4.2 . (E) All-trans retinal in pH 4 buffer. All spectra 
were run consecutively under identical instrumental conditions 
with the same total retinal c o n c e n t r a t i o n , and are shown to scale 
(except where indicated) in order to illustrate the different 
extents of resonance enhancement.
F I G . 8: Resonance Raman spectrum of the tetrahedral carbinolamine
intermediate (X) of hydrolysis of N-retinylidene-n-butylamine in 
aqueous Ammonyx micelles, pH 4-5, derived by subtraction of the 
protonated Schiff base component from continuous-flow spectra 
during the early stages of hydrolysis. The metarhodopsin II 
spectrum, for comparison, is re-drawn on the same wavenumber 
scale from ref.17a. The major peak positions in these spectra 
are identical within instrumental resolution.
FIGURE 9: Superimposed tracings of infra-red spectra in the
carbonyl-stretch region, solvent background (CCl^) subtracted, 
arbitrary 7. transmission scale. (A) Commercial all-trans 
retinal. (B) Retinal extracted from bleached ROS membranes.
(C) Retinal extracted from ROS membranes exposed to 707. enriched 
H= lo0 at the Neta I --> Meta II stage.
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F I G . 10: Outline scheme far the hydrolysis of the retinal Schiff
base chromophore in the active site of rhodopsin, incorporating 
the tetrahedral carbinolamine intermediate, as a possible model 
for the Meta I — 11 transition (see text for details). Note that 
prior to release of the all-trans retinal from the binding site 
(step 5), all steps are potentially reversible.
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